Fatigue behavior of glass fiber reinforced polymer dowels by Davis, Dustin Donahue
Retrospective Theses and Dissertations Iowa State University Capstones, Theses and Dissertations 
1-1-2001 
Fatigue behavior of glass fiber reinforced polymer dowels 
Dustin Donahue Davis 
Iowa State University 
Follow this and additional works at: https://lib.dr.iastate.edu/rtd 
Recommended Citation 
Davis, Dustin Donahue, "Fatigue behavior of glass fiber reinforced polymer dowels" (2001). Retrospective 
Theses and Dissertations. 21161. 
https://lib.dr.iastate.edu/rtd/21161 
This Thesis is brought to you for free and open access by the Iowa State University Capstones, Theses and 
Dissertations at Iowa State University Digital Repository. It has been accepted for inclusion in Retrospective Theses 
and Dissertations by an authorized administrator of Iowa State University Digital Repository. For more information, 
please contact digirep@iastate.edu. 
Fatigue behavior of glass fiber reinforced polymer dowels 
by 
Dustin Donahue Davis 
A thesis submitted to the graduate faculty 
in partial fulfillment of the requirements for the degree of 
MASTER OF SCIENCE 
Major: Civil Engineering (Structural Engineering) 
Major Professor: Max L. Porter 
Iowa State University 
Ames, Iowa 
2001 
11 
Graduate College 
Iowa State University 
This is to certify that the Master's thesis of 
Dustin Donahue Davis 
has met the thesis requirements of Iowa State University 
Signatures have been redacted for privacy 
111 
TABLE OF CONTENTS 
1 INTRODUCTION ................................................................................................................. 1 
1.1 General Background .............................................................................................. 1 
1.2 Research Program .................................................................................................. 4 
1.2.1 Objective ............. ; ....................................................................................... 5 
1.2.2 Scope ..................... ...................................................................................... 5 
2 LITERATURE REVIEW ..................................................................................................... 7 
2.1 FRP Composites ..................................................................................................... 7 
2.2 Rigid Pavements .................................................................................................. 11 
2.2.1 Introduction ............................................................................................... 11 
2.2.2 Types of Rigid Pavement .......................................................................... 11 
2.2.3 Types of Joints .......................................................................................... 13 
2.2.4 Joint Effectiveness .................................................................................... 15 
2.2.5 Thickness Design ...................................................................................... 16 
2.3 Dowels ................................................................................................................. 17 
2.3.1 Introduction ............................................................................................... 17 
2.3 .2 Analytical Model ...................................................................................... 18 
2.3 .3 Modulus of Dowel Support ................ ....................................................... 20 
2.3 .4 Load Transfer Across a Joint .................................................................... 22 
2.3.5 Relative Deflection Between Adjacent Pavement Slabs .......................... 25 
2.3.6 Bearing Stress ........................................................................................... 26 
2.3. 7 Design ....................................................................................................... 27 
IV 
2.4 Previous Research on GFRP Dowels ................................................................... 28 
2.4.1 Research at Widener University ............................................................... 28 
2.4.2 Research at the University of Manitoba .................................................... 28 
2.4.3 Research at Iowa State University ................................................. ........... 29 
3 COMPUTER MODELING .................................................. _ .............................................. 31 
3 .1 JPCP Pavements ................................................................................................... 31 
3.1.1 Introduction ............................................................................................... 31 
3 .1.2 Idealization ................................................................................................ 31 
3.1.3 Sensitivity Study ....................................................................................... 37 
3.1.4 Model Verification .................................................................................... 37 
3.2 Laboratory Test Setup .......................................................................................... 37 
3.2.1 Introduction ............................................................................................... 37 
3 .2.2 Idealization ................................................................................................ 41 
3.2.3 Subgrade Determination ........................................................................... 45 
4 THEORETICAL INVESTIGATION ................................................................................. 46 
4.1 Introduction .......................................................................................................... 46 
4.2 GFRP Dowel Design ............................................................................................ 46 
5 EXPERIMENTAL INVESTIGATION .............................................................................. 50 
5.1 Introduction .......................................................................................................... 50 
5 .2 Materials and Specimens ..................................................................................... 50 
5.3 Test Setup ............................................................................................................. 51 
5.3.1 Subgrade Simulation ................................................................................. 51 
5.3.2 Test Slabs .................................................................................................. 53 
V 
5.3.3 Loading System .......................................................................................... 57 
5.4 Instrumentation ..................... ............................................................................... 58 
5.4.1 Slab.Deflections ........................................................................................ 59 
5.4.2 Load .......................................................................................................... 61 
5.4.3 Load Transfer .................................... .-....................................................... 62 
5.5 Test Procedure ..................................................................................................... 64 
5.5.1 Load Tests ................................................................................................. 64 
5.5.2 Static and Cyclic Loading ......................................................................... 65 
6 ANALYSIS OF DAT A ....................... ~············· .................................................................. 66 
6.1 Introduction .......................................................................................................... 66 
6.2 Deflection Data .................................................................................................... 66 
6.3 Beam Strain Gage Data ........................................................................................ 71 
6.4 Dowel Strain Gage Data ...................................................................................... 72 
7 COMPARISON AND RELATION OF RESULTS ........................................................... 75 
7 .1 Experimental versus Computer Modeling ........................................................... 7 5 
7.2 Slab 1 versus Slab 2 ............................................................................................. 77 
8 DESIGN IMPLICATIONS ................................................................................................. 81 
9 SUMMARY, CONCLUSIONS, AND RECOMMENDATIONS ..................................... 85 
9 .1 Summary .............................................................................................................. 85 
9.2 Conclusions .......................................................................................................... 86 
9 .3 Recommendations ................................................................................................ 87 
APPENDIX A: RECTILINEAR, SEMI-LOG, AND LOG-LOG PLOTS ............................ 88 
APPENDIX B: FORCE VS. STRAIN PLOTS FROM LOAD TESTS ................................ 97 
VI 
REFERENCES ..................................................................................... _ ................................ 105 
ACKNOWLEDGEMENTS .................................................................................................. 108 
1 
1 INTRODUCTION 
1.1 General Background 
The nation's transportation infrastructure is in dire need of repair. In fact, a recent 
report released by the American Society of Civil Engineers (ASCE) estimated that 59 percent 
of the nation's roadways are in substandard condition and 31.4 percent of the nation's 
bridges are structurally deficient or functionally obsolete [1]. A considerable amount of the 
damage is due to the premature deterioration of concrete resulting from the corrosion of steel 
reinforcement, also referred to as rebar. Corroded reinforcement significantly reduces the 
strength and service life of a structure. A solution to this problem would be to construct the 
reinforcement from non-corrosive materials. 
In the high alkaline environment of concrete, a thin metal oxide film forms around the 
steel that aids in the protection from corrosion. However, in the presence of chloride ions 
this film is destroyed and the steel is no longer protected. Deicing salts, marine 
environments, and saltwater spray provide a constant supply of chloride ions. These chloride 
ions enter the concrete through cracks or by diffusion through the concrete's pore water 
eventually coming in contact with the steel. When the concentration of chloride ions reaches 
a critical level the protective film is destroyed and the steel begins to corrode [2, 3]. 
Corrosion is an electrochemical process. It begins with oxidation and proceeds in 
electrochemical cells. Each cell contains an anode and cathode, a connection between the 
anode and cathode, and an electrolyte. An electrolyte is a medium that transfers ions. 
Anodes and cathodes form on the surface of the metal due to variations in the chloride ion 
concentration throughout the concrete. Oxidation of iron occurs at the anode producing iron 
ions and electrons. 
(1.1) 
A potential difference exists between the anode and cathode that causes the electrons to flow 
through the steel to the cathode. The electrons react with oxygen and water at the cathode to 
create hydroxide ions. 
(1.2) 
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Because of the presence of pore water and chloride ions, concrete is an excellent electrolyte. 
Therefore, hydroxide ions formed at the cathode are able to migrate back to the anode where 
they join with the iron ions to produce iron(II) hydroxide. 
Fe2+ + 2Off Fe(OH)2 (1.3) 
The iron(II) hydroxide is further oxidized to form iron(III) oxide or rust. 
4Fe(OH)2 + 2H2O + 02 4Fe(OH)3 
2Fe(OH)3 Fe2O3 + 3H2O 
(1.4) 
(1.5) 
This process, shown in Figure 1.1, is driven by the potential difference between the anode 
and cathode: the larger the potential difference, the more aggressive the corrosion [3, 4, 5]. 
' ··} 
Fe - Fe 2 ' + 2e-
i Fe 2 ' + 20W -Fe (0H) 2 -, 
)i 4 Fe (0H) 2 + 2H 20 + 0 2 --4 Fe (0H)3 
i 2 Fe (0H)3 - Fe 20 3 + 3H p 
I 
, .I 
i . \ 
Figure 1.1 Corrosion process 
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I 
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I 
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After a period of extensive research on rebar corrosion and protection in the early 
1970s, the Federal Highway Administration (FHWA) determined that fusion-bonded epoxy 
coating of steel reinforcement provided the optimum protection for rebar against the 
chlorides that cause corrosion. The application of fusion-bonded epoxy coating to prevent 
steel from corroding was not a new technology. The petroleum industry had already been 
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using it to protect steel pipelines for more than 10 years. Fusion-bonded epoxy coating is 
electrostatically applied to the steel as a powder. When the powder contacts the steel, which 
has been heated to around 450° F, it fuses and flows over the bar forming an impermeable 
barrier [ 6, 7]. 
Until several bridges in the Florida Keys showed signs of deterioration shortly after 
being constructed, fusion-bonded epoxy-coated rebar, better known as epoxy-coated rebar, 
was thought to have solved the corrosion dilemma. Further investigation revealed that 
several of the epoxy-coated bars were severely corroded. Among other things, investigators 
linked this corrosion to nicks and gouges in the epoxy coating that occurred during the 
transporting, handling, and placing of these bars [ 8]. The nicks and gouges represent breaks 
in the protective covering of the bar where chlorides can attack. A nick or gouge (anode) is 
small in relation to the rest of the bar (cathode). This dissimilarity in size creates a potential 
difference between the anode and cathode that is large enough to start the corrosion process 
[3, 9]. 
Research initiated after the findings in the Florida Keys indicated that bridge 
structures built in the northern states of North America using epoxy-coated reinforcement 
could only expect to provide a maintenance-free life of 15 years [JO]. However, the FHWA 
believes that a maintenance-free life of 7 to 9 years is more likely [9]. These conclusions 
caused many state departments of transportation to re-evaluate the effectiveness of epoxy 
coating as well as various other corrosion protection methods. For example, the New York 
State Thruway Authority selected to ban the use of epoxy-coated rebar in all new 
construction projects and go with galvanized rebar instead [9]. 
Another viable alternative would be to eliminate the corrosion mechanism all together 
by fabricating this reinforcement from corrosion-resistant materials such as fiber reinforced 
polymer (FRP) composites. FRP composites have already been used in several civil 
infrastructure applications. Prestressing tendons and rebar constructed from FRP composites 
have been used in the construction of concrete beams, bridge decks, and wall systems. I-
beams and other structural shapes have also been made from composites for use in bridges, 
buildings, and industrial facilities. Piles constructed entirely from FRP composites have even 
been used in coastal environments to support pier structures. Because of their high strength-
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to-weight ratio and non-corrosive properties, FRP composites are ideal for structural 
applications where conventional materials have failed due to corrosion. Of the various FRP 
composites available, glass fiber reinforced polymer (GFRP) is the most economical and thus 
is the most widely used. 
A potential new application for GFRP is in the production of dowel bars. Dowel bars 
serve as load transfer devices at the locations of transverse joints in concrete highway 
pavements. Since these devices are placed along the length of the joint, they are susceptible 
to the chloride ions present in the deicing salts placed on the roads during the winter months. 
The current epoxy-coated steel dowels used as load transfer devices corrode when exposed to 
these chloride ions due to nicks in the coating that occur during the transporting, handling, 
and placing of these bars. The corrosion product can occupy up to twice the original volume 
of the steel creating internal pressures in the concrete as high as 4000 psi [ 4]. Internal 
pressures this high lead to cracks and delaminations in the concrete. This increase in volume 
also binds or locks the joint preventing the concrete from sliding over the dowel as it 
contracts during cold weather. The resulting tensile forces lead to the formation of a crack 
directly behind the dowels that runs the entire length of the joint. Essentially, a new joint is 
formed at the location of this crack with load being transferred across this crack by aggregate 
interlock. During the winter months when the pavement slabs contract, this crack will widen 
and load will no longer be transferred across the joint. 
If GFRP dowels are to be used in place of the steel dowels currently being used, they 
cannot simply be substituted on an equal area basis due to the fact that the shear and bending 
moduli for GFRP are substantially less than the shear and bending moduli for steel. In fact, 
the shear modulus for GFRP is approximately 49 times less than that for steel while the 
bending modulus for GFRP is approximately 6 times less than that for steel. Therefore, if 
GFRP dowels are to replace steel dowels, their diameter must be increased, spacing 
decreased, or a combination of both in order to provide the same performance as their steel 
counterparts. 
1.2 Research Program 
Designers are often reluctant to use new materials due to a lack of knowledge on their 
performance. Field studies offer valuable information on the effectiveness of dowels in 
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concrete highway pavements; however, due to the variability and inconsistency in which the 
pavement is loaded, several years may pass before this data is obtained. This research 
program employed a laboratory testing setup previously developed at Iowa State University 
(ISU) [ 11] to investigate the performance of GFRP dowels in concrete highway pavements in 
a relatively short period of time. Additional information on the behavior of GFRP dowels 
was obtained through theoretical and finite element analyses. The results from this research, 
combined with that of others, will aid in the development of preliminary design criteria for 
GFRP dowels. 
1.2.1 Objective 
In order to gain further insight on the behavior of GFRP dowels, the following 
objectives were selected for this research program: 
• to develop a computer model that accurately predicts a rigid pavement's response 
to vehicle loading, 
• to verify the full-scale fatigue laboratory test setup used in previous research at 
ISU [11], 
• to investigate the static and fatigue behavior of GFRP dowels, and 
• to recommend a preliminary design procedure for the incorporation of GFRP 
dowels in transverse joints of concrete highway pavements. 
1.2.2 Scope 
The scope of this research program was as follows: 
• construction of a finite element model for the analysis of jointed plain concrete 
pavement (JPCP); 
• construction of a finite element model for the verification of the laboratory test 
setup; 
• development of an element that can be used in both computer models that 
accurately models the behavior of a dowel bar embedded in concrete; 
• determination of an equivalent spacing for various diameters of GFRP dowel 
bars; 
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• construction of two full-scale laboratory pavement specimens: one containing 1.5-
inch diameter GFRP dowels spaced at 12 inches and the other containing the 
same diameter GFRP dowels spaced at an equivalent spacing, as determined from 
the theoretical portion of this research program; 
• subjecting the two full-scale specimens to 5,000,000 cycles of cyclic loading; 
• analysis of the results from the fatigue tests to determine the effectiveness of the 
doweled joints; and 
• development of a design methodology based on the results from this research, 
previous research, and the research of others for the implementation of GFRP 
dowels. 
7 
2 LITERATURE REVIEW 
2.1 FRP Composites 
FRP composites have been used in the aerospace, automotive, and recreation 
industries for several years, and just recently, applications for FRP composites have been 
found in the field of civil engineering. Since engineers must have an understanding of the 
materials they are using, this section is aimed at providing the reader with a general overview 
of FRP composites. 
A composite is any material made from more than one component. A FRP composite 
consists of fibers encased in a polymer resin matrix. The fibers are embedded in the matrix 
to provide strength and stiffness to the composite. The function of the matrix is to hold the 
fibers together, transfer load between the fibers, and protect the fibers from harsh 
environments. 
A polymer is a long molecule made up of many smaller units called monomers. For 
example, ethylene monomers can be polymerized to give a polymer called polyethylene as 
demonstrated in the following formula. 
n CH2=CH2 -[-CHi-CH2-]n- (2.1) 
ethylene polyethylene 
The polyethylene molecule can be seen in Figure 2.1. The number of monomer units joined 
end to end to produce the polymer is given by n in the above formula and is usually of the 
order 104 [12]. 
Polymer resins are composed of these molecular chains and can be classified as one 
of two types: thermoplastic or thermoset. Thermoplastic resins are those that will melt when 
heated and solidify when cooled and do so repeatedly upon subsequent heating and cooling. 
Thermoplastic resins consist of linear molecules such as that shown in Figure 2.1. Thermoset 
resins are those that generally cannot be reformed upon reheating. In a thermoset resin the 
molecular chains have cross-linked to form a rigid mass as shown in Figure 2.2. The 
mechanical properties of the thermoset resin depend upon the degree of this cross-linking. 
FRP composites used in civil infrastructure applications employ thermoset resins; 
therefore, the focus will be on these types of resins. Polyester, vinyl ester, and epoxy resins 
are the three main thermoset resins used in manufacturing FRP composites. Since polyester 
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H H H 
-- Polymer chain 
Figure 2.1 Polyethylene 
r Cross-link 
Figure 2.2 Thermoset resin 
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resins are the least expensive, they are the most widely used of the three resins. However, 
polyester resins have a tendency to shrink when cured and will absorb water. They are also 
prone to chemical attack. On the other hand, vinyl ester resins offer reduced water 
absorption and shrinkage as well as provide excellent chemical resistance. Epoxy resins have 
superior mechanical properties compared to polyester and vinyl ester resins. However, 
epoxy resins are the most expensive of the three resins. 
Three types of fibers are predominantly used to reinforce composites: glass, aramid, 
and carbon. Properties for the three types of fibers are listed in Table 2.1, which includes 
steel for comparison. The main constituent of glass fibers is silica. In addition to silica, glass 
fibers also contain oxides of calcium, boron, sodium, iron and aluminum. By varying the 
proportions of the oxides, various types of glass fibers can be produced. The three main 
types of glass fibers are E-glass, C-glass, and S-glass. E-glass is an excellent electrical 
insulator and is the most widely used type of fiber because it is the most economical. S-glass 
has a higher strength than E-glass, and C-glass offers improved resistance to chemical attack. 
Table 2.1 Mechanical properties of fibersa 
Fiber 
E-Glass 
S -Glass 
Aramid (Kevlar) 
Carbon (High Modulus) 
Carbon (High Strength) 
a Source: Reference [ 12] 
Tensile Modulus, ksi 
11,000 
12,500 
18,000 
49,300 
33,400 
Tensile Strength, ksi 
218 
276 
406 
363 
464 
Aramid is a highly oriented organic polymer. In aramid fibers, the polymer 
molecules are aligned parallel to the axis of the fiber. This high degree of orientation results 
in a fiber with a high tensile strength. Because of their high tensile strength, aramid fibers 
are in close competition with carbon fibers. The most popular aramid fiber is Kevlar 49, 
which was developed by DuPont [12]. 
Carbon fibers are made from polyacrylintrile (PAN). Through a series of heat-
treatment operations PAN is converted into graphite. Carbon fibers are the stiffest and 
strongest of the three types of fibers; however, they are also the most expensive. The high 
cost is the result of the heat-treatment operations used to convert PAN to graphite. Carbon 
fibers can be produced with either high modulus or high strength depending upon the 
application [ 12]. 
In FRP dowel bars, the fibers are oriented parallel to the longitudinal axis of the bar. 
As a result of the orientation of the fibers, the bar is very strong in the direction of the axis. 
This uniaxial orientation is the result of the manufacturing process used to produce these 
bars. However, the bar has a much lower strength in a direction perpendicular to the axis. 
The polymer resin matrix governs the strength of the composite in this direction. 
The FRP dowel bars are produced by a pultrusion method. As part of the pultrusion 
process, the fibers are bundled together and drawn through a resin bath and then through a 
heated die. The die shapes the composite while the heat causes the resin to cross-link and 
harden. As the bar emerges from the heated die, it is cut and stacked. The pultrusion process 
is shown in Figure 2.3. 
Pultruded fibers Cutoff saw 
Direction of fl9~ ___. 
Heated die Pulling device 
Fiber spool 
Resin bath 
Figure 2.3 Pultrusion process 
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2.2 Rigid Pavements 
2. 2.1 Introduction 
Rigid pavements are made up of portland cement concrete. Their purpose is to 
transfer wheel loads to the supporting soil without overstressing the soil. Wheel loads are 
transferred to the supporting soil through the bending action of the slab. Figure 2.4 shows a 
typical cross-section of a rigid pavement. 
I ________________ __ _L 
Portland cement concrete h 
Base course 
Natural subgrade 
Figure 2.4 Typical cross-section of a rigid pavement 
In earlier years, rigid pavements were placed directly on the subgrade. However, as 
traffic loads became increasingly heavier, pumping began to occur. Pumping is defined as 
the expulsion of subgrade material through joints and along the edges of the pavement. To 
alleviate this problem, engineers began to construct rigid pavements on base courses 
composed of granular or stabilized material. Base courses are also used to control frost 
heave, provide drainage, and reduce shrinking and swelling of the subgrade [ 13]. 
2.2.2 Types of Rigid Pavement 
There are four types of rigid pavement: jointed plain concrete pavement (JPCP), 
jointed reinforced concrete pavement (JRCP), continuous reinforced concrete pavement 
(CRCP), and prestressed concrete pavement (PCP). All pavements have typical 12-foot lane 
widths. The major difference between the pavement types is the location of the transverse 
joints. 
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A section of JPCP is shown in Figure 2.5. In JPCP, transverse joints are placed to 
eliminate transverse cracking. As the temperature drops or moisture decreases, the slab 
wants to contract. Since the subgrade restrains the slab from contracting, tensile stresses 
develop in the slab, which are a maximum at the midlength of the slab. Transverse joints are 
properly spaced to reduce these stresses to a value less than the tensile strength of the 
concrete so cracks will not form. Typical spacing between transverse joints is between 15 
and 30 feet [13]. Load transfer across these joints is achieved through dowel bars or 
aggregate interlock. The type of load transfer mechanism and joint spacing employed varies 
from state to state. In the state of Iowa, transverse joints are spaced every 20 feet and dowel 
bars are provided for load transfer [ 14]. 
Tie bar ·-- -· 
Longitudinal joint 
--- Dowel bar 
- ----- Transverse joint 
Figure 2.5 Jointed plain concrete pavement 
I 
I 
12' 
--+ 
12' 
_ _l 
Cracks are expected to occur in JRCP; therefore, this type of pavement contains steel 
reinforcement, usually in the form of a wire mesh. The steel reinforcement is designed to 
carry the tensile stresses in the slab after it cracks. In addition, the steel reinforcement must 
hold the slab tightly together at the location of the crack. Typical transverse joint spacing for 
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this type of pavement is 30 to 100 feet [13]. Dowel bars are also required for load transfer 
due to the increased distance between transverse joints. 
The transverse joints have been eliminated in CRCP. This type of pavement is also 
characterized by transverse cracks at relatively close intervals [ 13]. As the result of no 
transverse joints, CRCP contains a higher percentage of steel than JRCP. 
In PCP, a compressive force is applied to the pavement through prestressing tendons. 
The application of the compressive force reduces the tensile stresses in the pavement caused 
by vehicle loads. This reduction in tensile stresses results in a reduction in slab thickness. 
Typical slab lengths are 300 to 700 feet [ 13]. Because of the heavier wheel loads, this type 
of pavement has been used most frequently for airport runways. 
2.2.3 Types of Joints 
Concrete pavements contain four types of joints: contraction, expansion, construction, 
and longitudinal. The purpose of joints is to control the location and geometry of cracks due 
to temperature and moisture changes. 
A contraction joint is a transverse joint used to relieve tensile stresses caused by the 
contraction and warpage of the concrete slab. The most reliable method for creating 
contraction joints is by making saw cuts across the entire width of the pavement. The saw 
cut creates a plane of weakness in the pavement where cracking will begin. The depth of the 
saw cut should be at least one-third the thickness of the slab with a minimum width of 1/8-
inch [15]. 
Load transfer across the joint is achieved through aggregate interlock or dowel bars. 
If steel dowel bars are used, they are placed at middepth and spaced at 12 inches on center in 
the slab. The length of the dowel bar is normally 18 inches. The recommended dowel bar 
diameter is based on experience and varies amongst agencies. The American Concrete 
Pavement Association (ACP A) recommends 1.25-inch diameter dowels for concrete 
pavements less than 10 inches thick and 1.5-inch diameter dowels for concrete pavements 10 
inches thick or greater [ 15]. The American Association of State Highway and Transportation 
Officials (AASHTO) simply suggest that the dowel diameter be equal to one-eighth the slab 
thickness [ 16]. The dowel bars are lubricated on at least one side of the joint to permit the 
contraction and expansion of the slab. 
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Contraction joints are often skewed so that the wheels of an axle cross a joint at 
separate times. Permitting only one wheel of an axle to pass the joint at a time relieves rider 
discomfort from joint faulting. Faulting is the difference in elevation across the joint 
between two adjacent slabs. A skewed joint also reduces the potential for pumping; 
however, a skewed joint will not enhance load transfer across the joint. Contraction joints 
are typically skewed at 6 to 1 [15]. Since a comer receives the greatest impact from 
vehicular loading, the obtuse angle of the skew is placed at the outside edge of the pavement 
ahead of traffic as shown in Figure 2.6. 
~ -- 3'-4" 
i 
Direction of travel ---~ 
Figure 2.6 Skewed joint 
Expansion joints are transverse joints that relieve compressive forces in a pavement. 
This type of joint is installed wherever the pavement meets a fixed structure such as a bridge. 
A minimum joint width of 3/4-inch is recommended, which extends the entire depth of the 
slab [13]. Since aggregate interlock is not present, dowel bars must be provided for load 
transfer. 
A construction joint is a butt joint that contains dowels. It is placed wherever the 
paving operation is stopped due to the end of the day, equipment breakdown, or an 
emergency. The joint should be placed at the location of a contraction joint if at all possible. 
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Longitudinal joints are used to control cracking along the centerline of the pavement. 
Saw cutting, inserts, or forming can be used to develop this joint. Load is transferred across 
the joint by aggregate interlock. To ensure aggregate interlock, tie bars are used to hold the 
slabs tightly together. 
2. 2. 4 Joint Effectiveness 
The effectiveness of a joint is determined by its ability to transfer part of an applied 
load across the joint to the adjacent slab. There are several methods available for 
determining the efficiency of a joint. One measure of joint effectiveness is given by 
Equation 2.2 [Ioannides et al. 1990 as cited in 17]. 
where, 
pt 
TLE= - x 100% 
PW 
TLE = transferred load efficiency (%) 
Pt= load transferred across the joint (lbs) 
P w = applied wheel load (lbs) 
(2.2) 
If a joint were fully effective in transferring load, half of the applied wheel load would be 
transferred to the subgrade while the other half would be transferred through the dowels to 
the adjacent slab. Therefore, the maximum permissible value for transferred load efficiency 
is 50 percent. Brown and Bartholomew [18] consider a TLE of 35 to 40 percent adequate for 
heavy truck traffic. 
AASHTO and ACP A use deflection measurements to determine the efficiency of a 
joint. Equation 2.3 is given by ACPA as a means of rating joint effectiveness. 
where, 
2 du E= ---x100% 
dL +du 
E = joint effectiveness (%) 
du = deflection of the unloaded side of a joint (in.) 
dL = deflection of the loaded side of a joint (in.) 
(2.3) 
A joint effectiveness of 75 percent or more is considered adequate for medium to heavy truck 
loadings [15]. AASHTO gives Equation 2.4 for determining joint effectiveness associated 
with a 9000 lb wheel load. 
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du LTE= -x 100% 
dL 
(2.4) 
where, 
L TE = deflection load transfer efficiency (%) 
When the value of L TE is between 70 and 100 percent, the joint provides sufficient load 
transfer. Deflection measurements for use in Equations 2.3 and 2.4 should be taken at the 
location of the outside wheel path [ 16]. 
2. 2. 5 Thickness Design 
Pavement design involves selecting the appropriate thickness of pavement to limit the 
flexural stresses in the pavement slab so fatigue cracking will not affect the serviceability of 
the pavement over its intended design life. The major criterion in the selection of a pavement 
thickness is the flexural stress in the bottom of the pavement slab. Depending on the load 
transfer characteristics of the dowel bars, the critical flexural stress for thickness design 
occurs at one of two locations. If dowel bars provide adequate load transfer, an edge load 
placed at midslab produces the critical stress and cracking will occur at the bottom edge of 
the slab, as shown in Figure 2.7. If dowel bars are inadequate in transferring load, joint 
loading causes the critical stress and longitudinal cracking will initiate in the wheel paths at 
the transverse joints, as shown in Figure 2. 7. 
LI7 
\ ___ Critical stress location 
for midslab loading 
Figure 2. 7 Load positions for critical stress 
--
Joint 
loading / L Critical stress locations 
-" = _ .,-- ·· ,,. for joint loading 
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In the thickness design of pavements, the ACP A or AASHTO method is commonly 
used. In the current ACP A method, the thickness of the pavement is based on the edge stress 
at midslab. Axle loads are divided into groups, and the flexural stress induced in the bottom 
of the slab is determined for each group. Based on the ratio between the flexural stress and 
the modulus of rupture, an allowable number of load repetitions is determined for each 
group. A damage ratio, defined as the ratio between the predicted and allowable number of 
load repetitions, is then calculated for each group. Failure is assumed to occur when the sum 
of the damage ratios for all groups exceeds a value of 1 [ 13]. Therefore, if the damage ratio 
for the anticipated design life is greater than one, a thicker pavement is required. 
The required thickness of pavement determined by the AASHTO method is based 
on an empirical equation derived from data obtained from the AASHO Road Test and further 
modified to incorporate additional knowledge gained from theory and experience. In the 
AASHTO method, each axle load is converted to an 18-kip equivalent single axle load 
(ESAL) through the use of equivalency factors. For the anticipated number of ESALs and a 
specified terminal serviceability index, the empirical equation obtained from the AASHO 
Road Test is solved to give the required thickness of pavement. The serviceability index is a 
measure of the performance of the pavement and is based on pavement roughness [ 16]. 
2.3 Dowels 
2. 3.1 Introduction 
A transverse joint represents a plane of weakness in a concrete pavement. Without 
load transfer across the joint, stresses and deflections due to joint loading are substantially 
higher than those due to interior loading. A dowel bar's function is to transmit part of an 
applied wheel load from the loaded slab across the joint to the adjacent unloaded slab. 
Therefore, load transfer, through the use of dowel bars, significantly reduces stresses and 
deflections resulting from joint loading, thus, minimizing faulting and pumping. A slab 
constructed between two army camps near Newport News, Virginia between 1917 and 1918 
is thought to be the first concrete pavement to use steel dowels as load transfer devices [ 19]. 
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2. 3. 2 Analytical Model 
The theoretical model used to predict the behavior of a dowel bar embedded in 
concrete is based upon the work presented by Timoshenko and Lessels [ 20] for the analysis 
of beams on an elastic foundation. According to Timoshenko and Lessels, the differential 
equation for the deflection of a beam on an elastic foundation is written as follows: 
d4y 
EI dx4 = -ky (2.5) 
where k is a constant usually called the modulus of foundation and y is the deflection. The 
modulus of foundation denotes the reaction per unit length when the deflection is equal to 
unity. 
where, 
The solution to this differential equation is given by: 
y = eP\A cos ~x + B sin ~x) + e-Px(C cos ~x + D sin ~x) 
= 
4
~
1 
= relative stiffuess of the beam on the elastic foundation (in"1) 
k = modulus of foundation (psi) 
E = modulus of elasticity of the beam (psi) 
I = moment of inertia of the beam (in 4) 
(2.6) 
The constants A, B, C, and D are determined from the boundary conditions for a particular 
problem. For a semi-infinite beam on an elastic foundation subject to a point load and 
moment applied at its end, as shown in Figure 2.8, constants A and Bare equal to zero and 
Equation 2.6 becomes 
e-f3x 
y = 2~3EI [P cos ~x - ~M0(cos ~x - sin ~x)] (2.7) 
Loads P and M0 are shown in their positive sense in Figure 2.8. The positive direction for 
deflection is downward. Differentiating Equation 2. 7 with respect to x gives the slope, 
dy/dx, of the beam anywhere along its axis. 
dy e-13x 
dx = 2~2 EI [(2~Mo - P)cos ~x - P sin ~x] (2.8) 
Applying the solution for a semi-infinite beam on an elastic foundation to dowel bars, 
Friberg [ 21] developed equations for determining the slope and deflection of a dowel at the 
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Figure 2.8 Semi-infinite beam on an elastic foundation 
face of a joint as shown in Figure 2.9. Assuming that an inflection point exists in the dowel 
at the center of the joint, the forces acting on the portion of the dowel within the width of the 
joint, z, are as shown in Figure 2.10. Substituting -Pz/2 for M0 and setting x equal to zero in 
Equations 2.7 and 2.8, Friberg arrived at Equations 2.9 and 2.10 for the slope, dy0/dx, and the 
deflection, Yo, of the dowel at the face of the joint. 
where, 
dy o - - p ( 1 + Az) 
dx 2~ 2EI P 
p 
Yo= 4~3EI (2 + ~z) 
J3 = ~=relative stiffness of the dowel bar encased in concrete (in"1) 
K0 = modulus of dowel support (pci) 
b = dowel bar diameter (in.) 
E = modulus of elasticity of the dowel bar (psi) 
I = moment of inertia of the dowel bar (in 4) 
P = load transferred through the dowel (lbs) 
z = joint width (in.) 
(2.9) 
(2.10) 
In Friberg's analysis, he replaced the modulus of foundation, k, with the expression 
Koh. The modulus of dowel support, Ko, denotes the reaction per unit area when the 
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Figure 2. 9 Slope and deflection of dowel at joint face 
Centerline of 
deflected shape 
deflection is equal to unity. Further discussion on the modulus of dowel support can be 
found in Section 2.3.3. 
Friberg's equations were derived assuming a dowel bar of semi-infinite length. 
Dowel bars used in practice are of finite length; therefore, this equation would not apply. 
However, Albertson [22] has shown that this equation can be applied to dowel bars with a BL 
value greater than or equal to 2 with little or no error. The length of the dowel bar embedded 
in one side of the slab is denoted as L. 
Bradbury [ 2 3] also developed equations for predicting the response of a dowel bar 
encased in concrete. However, Friberg's work is viewed by many engineers as the 
authoritative analysis on the behavior of dowel bars to date. Therefore, Friberg's equations 
were used in accomplishing the theoretical work associated with this research project. 
2. 3. 3 Modulus of Dowel Support 
The modulus of dowel support is an important parameter in Friberg's design 
equations presented in Section 2.3 .2. Before a design engineer can use these equations, a 
value for the modulus of dowel support for the given dowel-concrete system is needed. 
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Since no sound theoretical procedure exists for the determination of this value, the modulus 
of dowel support must be determined experimentally. 
Results from experimental testing indicate a wide range of values for the modulus of 
dowel support. Researchers at ISU [11, 24, 25] have determined values for the modulus of 
dowel support ranging anywhere from 132,790 pci to 2,139,000 pci. Experimental tests 
conducted by Friberg [ 26] yielded modulus of dowel support values ranging from 200,000 
pci to 5,000,000 pci. 
There is also disagreement amongst researchers on what value should be used for the 
modulus of dowel support in the design of doweled joints. Friberg [ 21] believed that the 
modulus of dowel support would seldom be less than 25 percent of the modulus of elasticity 
of the concrete; therefore, he recommended a value of 1,000,000 pci for the modulus of 
dowel support. Grinter [ 27] selected values of 300,000 and 1,500,000 pci for use in his 
work. Yoder and Witczak [ 28] state that values for the modulus of dowel support range 
between 300,000 and 1,500,000 pci and recommend a value of 1,500,000 pci for use in 
design. 
Although values of the modulus of dowel support are highly variable and researchers 
tend to disagree on the correct value to be used in design, researchers do agree that the 
modulus of dowel support increases with increased concrete strength, decreases with 
increased concrete depth below the dowel, and decreases with increased dowel bar diameter 
[26, 29]. 
2.3.4 Load Transfer Across a Joint 
If 100 percent efficiency is achieved in load transfer by the dowel bars, 50 percent of 
the wheel load would be transferred to the subgrade while the other 50 percent would be 
transferred through the dowels to the adjacent slab. However, repetitive loading of the joint 
results in the creation of a void directly above or beneath the dowel at the face of the joint. 
According to Yoder and Witczak [ 28], a 5 to 10 percent reduction in load transfer occurs 
upon formation of this void; therefore, a design load transfer of 45 percent of the applied 
wheel load is recommended. 
(2.11) 
where, 
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Pt= load transferred across the joint (lbs) 
P w = applied wheel load (lbs) 
Not all dowels are active in transferring the applied wheel load across the joint. 
Friberg [21] was the first to examine the distribution of transferred load to the dowels within 
a transverse joint. He assumed that dowel bars close to the load were more effective in 
transferring load than those farther away. For transverse joints containing 0.75 or 0.875-inch 
diameter dowel bars spaced from 12 to 20 inches apart, Friberg postulated that only the 
dowels contained within a distance of 1.8fr from the load are active in transferring the load 
where fr is the radius of relative stiffness, defined by Westergaard [30] as follows: 
where, 
E h 3 
f. = 4 C 
r 12(1-µ2 )K 
Ee = modulus of elasticity of the pavement concrete (psi) 
h = pavement thickness (in.) 
µ = poisson's ratio for the pavement concrete 
K = modulus of subgrade reaction (pci) 
(2.12) 
Friberg also proposed a linear distribution of the load transferred across the joint as shown in 
Figure 2.11. For transverse joints containing dowel bars having a larger diameter or closer 
spacing, the stiffness of the joint increases and a distance of 1.8fr no longer applies. 
Finite element modeling of doweled joints by Tabatabaie et al. [ 31] showed that an 
effective length of 1.04 from the applied wheel load is more appropriate for dowels used in 
practice today. A linear approximation was also shown to exist with the maximum dowel 
shear occurring directly beneath the load and decreasing to a value of zero at a distance 1.04 
from the load . 
. If the force transferred by a dowel located directly beneath the wheel load is 
designated as Pc, then the shear force in any other active dowel can be determined by 
multiplying the height of the triangle below that particular dowel by Pc• A value of 1.0 is 
assumed for the height of the triangle directly below the load as shown in Figure 2.11. The 
shear force in the dowel directly under the load is obtained by dividing the transferred load, 
Pt, by the number of effective dowels, as shown by Equation 2.13. 
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Figure 2.11 Load transfer distribution proposed by (a) Friberg and (b) Tabatabaie et al. 
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pt Pc=----------
number of effective dowels 
The sum of the heights of the triangle under each dowel gives the number of effective 
dowels. 
2.3.5 Relative Deflection Between Adjacent Pavement Slabs 
The relative deflection between adjacent pavement slabs, shown in Figure 2.12, 
consists of the following quantities: 
1. twice the deflection of the dowel at each joint face, 2yo; 
(
dy 0) 2. the deflection due to the slope of the dowel, z dx ; 
3. shear deflection, 8; and 
pz3 
4. flexural deflection, 
12
EI . 
(2.13) 
Considering all of these quantities, the relative deflection between adjacent pavement slabs, 
L'.1, is given by the following equation: 
where, 
APZ 8=-
AG 
A= form factor, equal to 10/9 for solid circular section 
A = cross-sectional area of the dowel bar (in2) 
G = shear modulus (psi) 
(2.14) 
For small joint widths, like the 1/8-inchjoint formed in the test specimens of this study, the 
deflection due to the slope of the dowel is approximately zero since the width of the joint and 
the slope of the dowel are small. Also, the deflection due to flexural stresses in the dowel 
within the width of the joint is extremely small since load is transferred across the joint 
predominantly by shear. Therefore, for small joint widths, the deflection due to the slope of 
the dowel and flexural stresses can be ignored and the relative deflection between adjacent 
pavement slabs, Li, can be expressed as follows: 
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Figure 2.12 Relative deflection between adjacent pavement slabs 
(2.15) 
For larger joint widths, the deflection due to the slope of the dowel and flexural stresses is 
significant and should be considered in computing the relative deflection between adjacent 
pavement slabs. 
2. 3. 6 Bearing Stress 
The load acting on a dowel is transferred to the supporting concrete through bearing. 
The magnitude of the resulting bearing stresses is critical to the performance of the joint and 
is the greatest at the face of the joint. Under repetitive loading, high bearing stresses lead to 
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the deterioration of concrete around the dowel, which results in the formation of a void 
between the dowel and the surrounding concrete. This void is often referred to as dowel 
looseness. When a load is applied to a slab containing loose dowels, the slab will deflect an 
amount equal to the dowel looseness before the dowels become active. This results in the 
loss of load transfer and subsequent faulting of the pavement. 
Assuming the dowel behaves as a beam on an elastic foundation, the bearing stress at 
the face of the joint, a0 , is directly proportional to the deformation of the concrete at this 
location and is given by [21]: 
(2.16) 
To ensure adequate joint performance, the bearing stress should not exceed an allowable 
value. Equation 2.17 gives recommended values for the allowable bearing stress. 
where, 
(4- b) cra= - 3- fc 
aa = allowable bearing stress (psi) 
b = dowel bar diameter (in.) 
f c = compressive strength of concrete (psi) 
(2.17) 
Equation 2.17 was developed by the American Concrete lnstitute's (ACI) Committee 325 
[ 29] to provide a factor of safety of approximately three against bearing failures, signified by 
the formation of cracks in the concrete around the peripheral of the dowel. 
2. 3. 7 Design 
The spacing and diameter of dowels should be selected to achieve the twofold 
purpose of decreasing deflections and stress in the concrete pavement. Improperly designed 
dowels will result in the critical stress occurring at the joint instead of at midslab resulting in 
premature failure of the pavement. Excessive deflections will result in pumping and faulting 
of the slab. 
Although some methods based on theory have been presented, the design of dowels is 
largely based on the experience gained through field studies and laboratory testing. Over the 
years a general rule of thumb has emerged for the design of dowel bars. For a spacing of 12 
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inches, this rule of thumb is that the diameter of the dowel should equal the slab thickness (in 
inches) multiplied by 1/8. 
Most of the theoretical design procedures rest on the philosophy of limiting the 
bearing stress at the face of the joint to control faulting of the slab. To use this approach, the 
value of the modulus of dowel support for the dowel-concrete system must be known. Since 
no sound experimental or theoretical procedure exists for the determination of the modulus of 
dowel support, a theoretical procedure is seldom used in the design of dowel bars 
2.4 Previous Research on GFRP Dowels 
2. 4.1 Research at Widener University 
Investigators at Widener University [ 18] constructed and tested seventeen laboratory 
slab specimens containing both steel and GFRP dowels. Twelve of the slabs contained 
GFRP dowels while the other five slabs contained steel dowels. The shape of the GFRP 
dowels was either round or square. Round GFRP dowels used in the study were either 1/2 or 
3/4 inches in diameter. Square GFRP dowels were 1/2-inch by 1/2-inch or 3/4-inch by 3/4-
inch. All steel dowels used in the study were 1/2-inch in diameter. 
Due to limited space, specimens were restricted to the following dimensions: 20 
inches wide, 36 inches long, and 4 inches thick. A 1/4-inchjoint was constructed at 
midlength of all specimens. A test box was used to house the specimens during testing. To 
provide a yielding support, polystyrene foam 8 inches thick was placed at the bottom of the 
box on top of which was placed 4 inches of 3/4-inch crushed stone. All specimens were 
tested to failure using a 180,000-pound capacity universal testing machine. 
Based on the results of this work, researchers concluded that the diameter of a GFRP 
dowel must be increased by 20 to 30 percent to keep load transfer characteristics comparable 
to those of a steel dowel. 
2. 4. 2 Research at the University of Manitoba 
Researchers at the University of Manitoba [32] tested a total of twelve slabs 
containing either two epoxy-coated steel dowels 1.25 inches in diameter or two GFRP 
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dowels 1.5 inches in diameter. The slabs constructed and tested were 2 feet wide by 8 feet 
long. All slabs were 10 inches thick and contained a 1/8-inch transverse joint at midlength. 
The testing program was divided into three phases. Phase I consisted of the static 
loading of three slabs supported by an array of springs. Two of the three slabs tested in this 
phase contained GFRP dowels. Phase II consisted of the static loading of six slabs supported 
by a stiff limestone subgrade. Four of the pavements tested in this phase contained GFRP 
dowels while the other two contained steel dowels. In Phase III, three slabs were subjected 
to 1 million cycles ofload ranging from a minimum of 4.5 kips to a maximum of29.2 kips. 
The same limestone subgrade used in Phase II was also used in Phase III. 
Since the performance of the slabs containing GFRP dowels was similar to those 
containing steel dowels in all phases of the research, the authors concluded that the larger 
diameter GFRP dowels appear to be a feasible solution to the corrosion of steel dowels. 
2. 4. 3 Research at Iowa State University 
Researchers at ISU have previously been involved with two separate research projects 
dealing with GFRP dowels. The first study [25, 33], entitled Thermoset Composite Concrete 
Reinforcement, investigated the effects of accelerated aging on the shear behavior of GFRP 
dowels. The second study [11], entitled Non-Corrosive Tie Reinforcing and Dowel Bars for 
Highway Pavement Slabs, investigated the full-scale behavior of GFRP dowels under both 
laboratory and field conditions. 
The first study performed at ISU was completed in two parts. In Part 1 [ 25], 
researchers developed a theoretical model for the analysis of pavement dowels. Investigators 
also developed a shear testing procedure to determine the shear capacity of dowel bars 
embedded in concrete. In Part 2 [33], a total of 20 elemental specimens were constructed and 
tested. Fifteen of the twenty elemental specimens were subjected to accelerated aging by 
submersion in an aging solution at an elevated temperature of 140° F for a period of 63 days, 
which was equivalent to an approximate calculated 50 years of real weather aging in central 
Iowa. A total of five specimens were placed in each of three different aging solutions. The 
three different aging solutions consisted of a water solution, a lime solution, and a salt 
solution. 
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Specimens constructed and tested in Part 2 of the study were 10 inches deep by 23 
inches long. All specimens were 10 inches thick and contained an 1/8-inch gap at midlength. 
GFRP dowels consisting of E-glass fibers encased in a vinyl ester resin having a diameter of 
1.25 inches were centered in the middle of all 20 specimens. 
During testing of the specimens, the portion of the dowel within the gap was placed in 
direct shear through a modified Iosipescu shear testing apparatus developed at ISU. The 
results of this testing showed that the accelerated aging process had no affect on the shear 
behavior of the GFRP dowels; therefore, researchers concluded that GFRP dowels were a 
viable solution to the corrosion of steel dowels. 
The laboratory investigation of the second study consisted of the construction and 
testing of four full-scale pavement slabs. Two of the slabs contained 1.5-inch diameter steel 
dowels spaced at 12 inches on center while the other two slabs contained 1.75-inch diameter 
GFRP dowels spaced at 12 inches on center for one slab and 8 inches on center for the other. 
The slabs constructed and tested were 6 feet wide by 12 feet long. All slabs were 12 inches 
thick and contained a transverse joint at midlength. Six simply supported steel I-beams were 
used to support the pavement slabs during construction and testing. 
The testing of the slabs consisted of the application of 2 to 10 million cycles of a 
9,000-pound cyclic load. Cyclic load was applied to the slabs through the use of two 
hydraulic actuators and was controlled by a MTS, closed-loop, servo-controlled, testing 
system. Results of the laboratory testing indicated that the GFRP dowels performed at least 
as well as their steel counterparts under cyclic loading. 
For the field investigation, 1. 75-inch diameter GFRP dowels spaced at 8 inches on 
center were placed in two transverse joints in a new section of concrete pavement on U.S. 
Highway 30 east of Ames, IA. The performance of these two joints was evaluated and 
monitored through visual inspections and deflection testing. Field evaluation and monitoring 
of the two joints is ongoing. 
Initial observations and deflection testing indicated that the two joints were 
performing similar to nearby joints containing steel dowels. 
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3 COMPUTER MODELING 
3.1 JPCP Pavements 
3.1.1 Introduction 
Because of the lack of field data for the specific conditions of this research, a 2-D 
computer model for analyzing JPCP was developed using the commercial finite element 
software program ANSYS. The model was used to obtain data on the behavior of concrete 
highway pavements and to verify that the laboratory test setup simulated these conditions. 
The JPCP model was similar to an earlier pavement model developed at ISU [11]. However, 
for the model created in this study, improvements were made to the way in which the 
behavior of the dowel was modeled. 
3.1. 2 Idealization 
3.1.2.1 Pavement 
The rigid pavement was assumed to behave as a plate on an elastic foundation. Based 
on this assumption, the pavement was modeled using element Shell 63, which is a plate 
element capable of handling both in-plane and out-of-plane loads. The element has 6 degrees 
of freedom per node: translations in the x, y, and z directions and rotations about the x, y, and 
z axes. The geometry, node locations, and coordinate system for this element are shown in 
Figure 3.1. The element input data includes four nodes, four thicknesses, an elastic 
foundation stiffness, and the material properties. If the element has a constant thickness, 
only the thickness at Node j needs to be entered. The elastic foundation stiffness is 
equivalent to the modulus of subgrade reaction for the soil [34]. 
3.1.2.2 Subgrade 
The subgrade beneath the pavement was modeled as a bed of springs, where the 
stiffness of each spring is equal to the modulus of subgrade reaction for the soil. This type of 
idealization is often referred to as a Winkler foundation. The springs are incorporated into 
the model by entering a value for the elastic foundation stiffness in the input for element 
Shell 63. 
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3.1.2.3 Dowel Bars 
Since concrete is not a perfectly rigid material, the dowel will rotate and deflect in the 
concrete as shown in Figure 2. 9. Two new elements were developed in an attempt to model 
this behavior. These two elements, referred to as Dowel 1 and Dowel 2, are depicted in 
Figure 3.2. An element entitled Matrix 27 was employed to incorporate these two elements 
into the model. Matrix 27 is an arbitrary 12 x 12 stiffness matrix relating two nodes with six 
degrees of freedom each. Translations in the x, y, and z directions and rotations about the x, 
y, and z axes constitute the degrees of freedom per node. The degrees of freedom are 
ordered as shown in Figure 3.3 [34]. The dowel bars were incorporated into the computer 
model by simply determining the terms in the stiffness matrix for each element and inserting 
these terms in their proper position in the 12 x 12 stiffness matrix. 
Figure 3 .4 shows the degrees of freedom for element Dowel 1. The corresponding 
stiffness matrix for this element is of order 2 x 2 and is given by1 
S = [ k -kJ3 
-k k 9 (3.1) 
3 9 
The spring stiffness, k, is given by Equation 3.2. 
1 Bold face type will be used to distinguish matrices from scalars. 
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Figure 3.2 Dowel elements: (a) Dowel 1 and (b) Dowel 2 
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Figure 3.4 Degrees of freedom for Dowel 1 
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k=-
One nice feature about this element is that the effects of fatigue can be considered in the 
analysis by simply adjusting the stiffness of the spring. 
(3.2) 
Figure 3.5 shows the degrees of freedom for element Dowel 2. The stiffness matrix 
for this element is a 4 x 4 stiffness matrix and is given by 
s=lsjj 
Skj 
(3.3) 
A technique which involves the flexibility method, matrix inversion, and translation-of-axes 
is employed to obtain this stiffness matrix. The flexibility method is used to obtain the 
submatrix Fkk, which is given by 
z 3 AZ 2 z2 --+-+-+-
3EI GA kl k2 
Fkk= -z2 z 
2EI k 2 
9 
- z2 z 9 
2EI k 2 
z 2 
-+- 11 
EI k 2 
11 
(3.4) 
The terms in F kk represent the displacements at the k end due to unit actions at the same end. 
The vertical spring stiffness, k 1, is given by Equation 3.5. 
p 
k1=-
Yo 
The stiffness of this spring can also be adjusted to consider the effects of fatigue in the 
analysis. Equation 3.6 will yield the rotational spring stiffness, k2• 
(3.5) 
(3.6) 
Inversion of F kk yields the stiffness submatrix Skk, whose terms represent the actions at the k 
end due to unit displacements at the same end. 
skk = Fkk-1 (3.7) 
Translation-of-axes can be used to obtain the submatrix Sjk as given in Equation 3.8. 
Sjk = TjkSkk (3.8) 
The matrix Tjk is a translation-of-axes transformation matrix and is given by Equation 3.9. 
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Tjk = z -1 (3.9) 
Equations 3 .10 and 3 .11 give the remaining stiffness submatrices. 
Skj = Sjk T (3.10) 
Sjj = TjkSkj (3.11) 
The symbol Sjk T in Equation 3 .10 represents the transpose of the submatrix Sjk• 
Although Dowel 2 is a more accurate portrayal of the conditions that exist, finite 
element runs performed for both dowel elements yielded identical results ( within less than 
3 .2 percent) with respect to shear and slab deflections. Therefore, Dowel 1 was selected to 
model the dowel bars since the stiffness matrix for this element was the easiest to determine. 
3.1.2.4 Loading 
An axle load is transmitted to the pavement through the tires of a truck. The tires of 
the truck distribute this load over a contact area; therefore, to properly represent the loading 
on the pavement, a surface pressure should be applied to a plate element having the same 
dimensions as the contact area of the tire. However, for concrete pavements, this distributed 
load can be represented by a concentrated force with little or no significant error [35]. 
Therefore, two point loads separated by a distance of 6 feet were used to represent an axle 
load on the pavement. 
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3.1.3 Sensitivity Study 
A sensitivity study was performed to determine the appropriate mesh density. From 
this study the mesh shown in Figure 3 .6 was selected. 
3.1.4 Model Verification 
To verify the accuracy of the computer model, the solution found for a typical 
highway pavement problem was compared to available theoretical and numerical solutions. 
The problem consisted of a 12-foot wide jointed concrete pavement with contraction joints 
every 20 feet. Epoxy-coated steel dowels 1.5 inches in diameter and spaced at the standard 
12 inches had a modulus of dowel support equal to 650,000 pci, which is a reasonable value 
for 1.5-inch diameter steel dowels based upon experimental test results [11]. The concrete 
pavement had a 28-day compressive strength of 6,000 psi and was subjected to an 18-kip 
axle load. The modulus of subgrade reaction for the soil was 100 pci, which is a typical 
value used in the design of pavements [14]. 
Results obtained from the computer model for load transfer were compared to those 
determined by the computer program KEN SLABS [ 13] and the theoretical linear distribution 
suggested by Tabatabaie et al. [31]. The comparison is shown in Figure 3.7. The relative 
deflection between adjacent pavement slabs at the location of the applied wheel load was 
compared to a theoretical solution as well as that obtained from KENSLABS. This 
comparison is shown in Table 3.1. As can be seen from the figure and table, the results from 
the computer model are in close agreement with available theoretical and numerical 
solutions. 
3.2 Laboratory Test Setup 
3. 2.1 Introduction 
The test setup used in the laboratory for the fatigue testing of concrete pavement slabs 
is shown in Figure 3.8. As shown in Figure 3.8, steel beams were used to support the slab 
during testing. The beams were designed to represent a soil having a modulus of subgrade 
reaction equal to I 00 pci [ 11]. To determine the size of beams required, previous 
investigators created a finite element model that consisted of a concrete slab supported by six 
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Figure 3.7 Load transfer comparison 
Table 3.1 Relative deflection between adjacent pavement slabs 
Solution 
ISU 
KENSLABS 
Theoretical 
Relative Deflection ~, in. 
0.0015 
0.0015 
0.0016 
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lines of vertical springs. Although the model was rather crude, it was the most efficient 
model for design purposes. To determine the actual value of the modulus of subgrade 
reaction for the steel beams, which was needed for the calculations of Section 4, a more 
refined model was developed. 
3. 2. 2 Idealization 
3.2.2.1 Steel Support Beams 
The webs and flanges of the steel support beams were modeled using the Shell 63 
element described in Section 3 .1.2.1. 
3.2.2.2 Concrete Slab 
The concrete slab placed on top of the steel beams was modeled using element Solid 
73. This is a three dimensional element containing eight nodes having six degrees of 
freedom per node. The six degrees of freedom at each node consist of translations in the x, y, 
and z directions and rotations about the x, y, and z axes. The geometry, node locations, and 
coordinate system for this element are shown in Figure 3.9. The input data for the element 
consists of eight nodes and the material properties [34]. 
3.2.2.3 Slab-Beam Interface 
During the construction of the laboratory specimens, a sheet of polyurethane was 
placed over the top of the steel beams to prevent a bond from developing between the 
concrete and steel. Since the concrete slab was not tied to the steel beams, the possibility that 
the concrete slab would lift off the outside beam during loading existed. The slab could also 
slide on the beams if the frictional resistance provided by the polyurethane is exceeded. To 
accurately model this interface, an element was needed that could consider these two 
situations. The element library within ANSYS contains an element entitled Contac 52 that 
was designed for this purpose. 
The contact element, Contac 52, was used to model the interface between the 
concrete slab and the steel beams. This element connects two nodes having three degrees of 
freedom per node. Translations in the x, y, and z directions constitute the three degrees of 
freedom at each node. The geometry, node locations, and coordinate system for this element 
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are shown in Figure 3.10. Input data for the element includes two nodes, a shear and contact 
stiffness, a value for the coefficient of friction, and any initial gap or interference that exists 
between the surfaces [ 3 4]. 
3.2.2.4 Dowel Bars 
The dowel bars were modeled using the Dowel 1 element developed in Section 
3.1.2.3. 
3.2.2.5 Mesh Density 
The mesh selected for the laboratory model is shown in Figure 3 .11. This mesh was 
the finest mesh that could be obtained without exceeding the limits of the software. 
Although a sensitivity study is usually conducted to determine the appropriate mesh density, 
preliminary analysis revealed that such a study was not necessary. Figures 3.12 and 3.13 
show that the relative deflection between adjacent pavement slabs and the bearing stress in 
the concrete are relatively insensitive to the value of the modulus of subgrade reaction. 
Therefore, a precise value for the modulus of subgrade reaction is not required for the 
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calculations of Section 4 and the mesh shown in Figure 3 .11 was judged to be adequate for 
the determination of the modulus of subgrade reaction for the steel beams. 
3. 2. 3 Sub grade Determination 
To determine the modulus of subgrade reaction for the steel support beams, 
deflections from the laboratory model were compared to those obtained from several finite 
element runs of the JPCP model described in Section 3.1. For each of the finite element runs 
of the JPCP model, a different value was inputted for the elastic foundation stiffness. Based 
on these comparisons, the modulus of subgrade reaction for the steel support beams is 
approximately equal to 160 pci. The author notes that this value is only used in the 
calculations of Section 4. The reported value for the modulus of subgrade reaction will be 
based on experimental data. 
46 
4 THEORETICAL INVESTIGATION 
4.1 Introduction 
A theoretical investigation was conducted to determine various combinations of 
GFRP dowel diameter and spacing that when installed in a concrete highway pavement 
would perform as well or better in transferring load than the epoxy-coated steel dowel bars 
currently used. Results from the investigation were used to select the diameter and spacing 
of the GFRP dowels utilized in the second laboratory test specimen described in Section 5 .2. 
4.2 GFRP Dowel Design 
Standard practice for doweled joints is to space epoxy-coated steel dowels at 12 
inches on center. The recommended diameter for the steel dowels depends on the governing 
agency and the thickness of the pavement as shown in Table 4.1. Since GFRP has different 
properties than steel, the validity of applying this standard to GFRP dowels is questionable. 
Table 4.1 Recommended steel dowel bar diameter (in.) 
Pavement Thickness h, in. 
14 
12 
10 
8 
6 
a Source: Reference [16] 
b Source: Reference [ 15] 
AASHTOa 
1.75 
1.5 
1.25 
1 
0.75 
Agency 
ACPA6 
1.5 
1.5 
1.5 
1.25 
1.25 
To investigate whether the current design standard applies to GFRP dowels, two 
GFRP dowel systems were designed for laboratory testing. The first GFRP dowel system 
was based on the current design standard and consisted of 1.5-inch diameter GFRP dowels 
spaced at 12 inches on center. This GFRP dowel system was incorporated into the first 
laboratory test specimen described in Section 5.2. 
The diameter and spacing for the second GFRP dowel system was selected such that 
both the bearing stress in the concrete and relative displacement of the slab at the location of 
47 
the applied wheel load were approximately equal to or less than that resulting from the use of 
steel dowels. The author assumed that if both the bearing stress and relative displacement for 
the GFRP dowel system were approximately equal to or less than that for the recommended 
steel dowel system, then both dowel systems would be equally effective in transferring load 
across a joint. The magnitude of the bearing stress and relative displacement is an excellent 
indication of the effectiveness of a joint in transferring load. If the bearing stress in the 
concrete around the dowel is high, repetitive loading of the doweled joint will result in the 
formation of a void directly above and below the dowel. When a load is applied to the 
pavement, the dowels become active in transferring load only after the loaded edge has 
displaced an amount equal to the size of the void. This results in the loss of load transfer 
across the joint. Large relative displacements indicate that most of the applied wheel load is 
being absorbed by the subgrade instead of being transferred across the joint by the dowels. 
Large relative displacements are also accompanied by large flexural stresses, which are 
detrimental to the pavement. Therefore, if the magnitude of both the bearing stress and 
relative displacement at the location of the applied wheel load is approximately equal to or 
less than that for the recommended steel dowels, then the load transfer across the joint as 
well as the flexural stresses in the pavement should be identical for both steel and GFRP 
dowel systems. 
Diameters of 1.5, 1.75, and 1.875 inches were considered for the GFRP dowels of the 
second laboratory test specimen. Properties for the three different diameters of GFRP dowels 
along with those for an epoxy-coated steel dowel are shown in Table 4.2. Relative 
displacements and bearing stresses were calculated for these dowels using Equations 2.15 
and 2.16. The results of these calculations are presented in Tables 4.3 and 4.4 for spacings of 
12, 10, 8, 6, and 4 inches. Since the values for ~L were greater than 2 for all of the bars, 
Equation 2.10 was used to determine y 0. The value for the load transferred by a fictious 
dowel located directly beneath the wheel load, Pc, was determined from Equation 2.13. 
The criterion mentioned in the paragraph before last was used to determine possible 
combinations of diameter and spacing for the GFRP dowels of the second laboratory test 
specimen. As shown in Tables 4.3 and 4.4, the correct diameter and spacing for the GFRP 
dowels is that which results in a relative displacement and bearing stress of approximately 
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Table 4.2 Dowel bar properties 
Material Diameter Length, in. Modulus Shear Modulus PL 
b, in. of Modulus of Dowel 
Elasticity G, ksi Supporta 
E, ksi K0 , pci 
Steel 1.5 18 29,000 11,240 772,0006 3.97 
GFRP 1.5 18 4,930c 231 c 690,500b 6.02 
GFRPd 1.75 18 6,200 476 300,000 4.11 
GFRP 1.875 18 6,510c 315c 151,000b 3.25 
a Values are for a concrete compressive strength of approximately 6,000 psi. 
b Determined from static direct shear tests. 
c Source: Reference [24]. 
d Properties taken from work done by Porter et al. [ 11]. Value for the modulus of dowel 
support was adjusted to represent a concrete compressive strength of approximately 6,000 
psi. 
Table 4.3 Relative displacements (in.) 
Dowel Bar Dowel Bar Dowel Bar Spacing, in. 
Material Diameter 12 10 8 6 4 b, in. 
Steel 1.5 0.0018 
GFRP 1.5 0.0034 0.0029 0.0022 0.0017 0.0011 
GFRP 1.75 0.0042 0.0035 0.0027 0.0021 0.0014 
GFRP 1.875 0.0060 0.0051 0.0040 0.0030 0.0020 
Table 4.4 Bearing stresses (psi) 
Dowel Bar Dowel Bar Dowel Bar Spacing, in. 
Material Diameter 12 10 8 6 4 b, in. 
Steel 1.5 1365 
GFRP 1.5 2348 2002 1547 1174 787 
GFRP 1.75 1260 1050 810 630 420 
GFRP 1.875 906 770 604 453 302 
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0.0018 inches and 1365 psi, respectively. Table 4.5 shows the various combinations of 
GFRP dowel bar diameter and spacing that satisfy the aforesaid conditions. The most 
economical GFRP dowel system consists of the 1.5-inch diameter dowels spaced at 6 inches 
on center; therefore, this combination of diameter and spacing was selected for the second 
laboratory test specimen. This dowel design was verified with the JPCP model developed in 
Section 3 .1. 
Table 4.5 GFRP dowel bar diameter and spacing combinations 
Dowel Bar Diameter b, in. 
1.5 
1.75 
1.875 
Dowel Bar Spacing, in. 
6 
6 
4 
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5 EXPERIMENTAL INVESTIGATION 
5.1 Introduction 
The purpose of this experimental investigation was to evaluate the performance of 
two different GFRP dowel systems. A laboratory test setup previously developed at ISU that 
simulates actual pavement loading conditions was employed to achieve this goal. 
Experimental results from this investigation were compared to those obtained from 
theoretical and numerical analyses. Test results and comparisons provided additional insight 
to the performance of GFRP dowels and aided in the development of design 
recommendations for GFRP dowels. 
5.2 Materials and Specimens 
Two full-scale pavement slabs were constructed to the following dimensions: 12 
inches thick, 6 feet wide, and 12 feet long. One specimen contained 1.5-inch diameter GFRP 
dowels spaced at 12 inches, referred to as Slab 1, while the other specimen, referred to as 
Slab 2, contained the same diameter GFRP dowels but spaced at an equivalent spacing of 6 
inches, as determined in Section 4.2. Both specimens were cast in place on top of steel 
supporting beams and contained an 1/8-inch formed transverse joint at midlength. A joint 
opening of 1/8-inch was determined to represent actual field conditions during the majority 
of a pavement's life as a result of shrinkage and temperature contraction. Dowel bars were 
positioned at middepth and centered in the middle of the joint in both specimens. 
A concrete mix designated C3-WR-C20 by the Iowa Department of Transportation 
(IDOT) was used in constructing the specimens. Testing did not begin until the concrete had 
cured for at least 28 days. This provided an ample amount of time for the concrete strength 
to stabilize before testing, thus, eliminating the influence of strength gain on the results. The 
average compressive strength of the concrete was determined by testing 3 standard 6- x 12-
inch cylinders. The modulus of rupture or flexural strength of the concrete was determined 
by breaking 2 standard 6- x 6-inch beams. The compressive and flexural strength of each 
specimen at the time testing began is shown in Table 5.1. 
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Table 5 .1 Compressive and flexural strengths of specimens 
Specimen 
Slab 1 
Slab 2 
Compressive Strength f c, psi Modulus of Rupture MOR, psi 
North South North South 
7484 6357 520 510 
6891 5671 570 505 
Due to construction difficulties in forming the transverse joint, each specimen had to 
be cast in two separate pours. The staging of the construction was such that the north half of 
the specimen was poured on one day while the south half of the specimen was poured on the 
following day. Since the concrete used in constructing both halves of the specimen did not 
come from the same batch, cylinders and beams were made for each half of the specimen. 
When necessary in the discussion of the experimental investigation this north or south 
notation will be used. A complete discussion on the construction of the specimen is given in 
Section 5.3. 
The 1.5-inch diameter GFRP dowels used in this study consisted of E-glass fibers 
encased in an isophthalic polyester resin. Volume fractions for the two components of the 
1.5-inch diameter GFRP dowels are shown in Table 5.2. The material properties for the 1.5-
inch diameter dowels were given in Table 4.2. 
Table 5.2 Volume fractions for 1.5-inch diameter GFRP dowels 
Component 
5.3 Test Setup 
Glass 
Resin 
5. 3.1 Sub grade Simulation 
Volume Fraction 
0.5179 
0.4821 
Previous investigators at ISU decided to simulate a subgrade through the use of steel 
beams in their laboratory test setup. Steel beams provide a subgrade support that does not 
change as testing progresses and requires the minimum amount of maintenance. In the case 
of an actual soil subgrade, considerable effort is put forth in preparing the subgrade to a 
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specified value for the modulus of subgrade reaction only for this value to change throughout 
the course of testing due to additional compaction of the soil from repetitive loading. The 
steel beams selected and their positions are shown in Figure 5.1. This particular arrangement 
of beams resulted in a simulated subgrade having a modulus of subgrade reaction equal to 
160 pci, as determined in Section 3 .2.3. A detailed explanation of the original design of the 
subgrade was presented in Section 3 .2.1. 
North 
Figure 5.1 Steel supporting beams 
Outside beams 
Wl4 x 38 
Beams at joint 
W14 x 68 
Middle beams 
W21 x44 
- Abutment 
A considerable difference in depth existed between the two W21x44 beams and the 
four W 14 series beams. To make up the height difference between the two different series of 
beams, the four W14 series beams were placed on bearing blocks as shown in Figure 5.2. To 
prevent a bearing failure in the concrete abutment, the two W21 x44 beams rested on bearing 
plates. These bearing blocks and plates could be adjusted up or down through the use of 
leveling nuts, which were attached to anchor bolts placed in the abutments, to obtain a level 
surface across the top of the supporting beams. The elevation required for the top of a 
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Leveling nut ·· ··- - · Grout 
Concrete abutment 
Anchor bolt 
Figure 5 .2 Bearing block 
bearing block or plate was back calculated from the known elevation for the top of the beam 
and its corresponding depth. The bearing blocks and plates were placed on top of the 
leveling nuts and adjusted until the top of the block or plate was level and at the proper 
elevation. Once all the bearing blocks and plates were at their proper elevations, they were 
bolted down and non-shrink grout was injected in the space between the top of the abutment 
and the bottom of each block and plate. 
Steel cylindrical pins were placed on top of all the bearing blocks and plates to serve 
as roller supports for the beams. A stable, simply supported condition was formed by 
welding the pin to the top of the block or plate at one end of the beam. 
5.3.2 Test Slabs 
A unique construction technique requiring the casting of a slab in two halves over two 
consecutive days was used to form both specimens. Construction difficulties experienced in 
previous research in forming a transverse joint at midlength of a specimen justified this 
technique. On the first day, formwork for one half of the slab was assembled and concrete 
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for this half poured. On the following day, formwork for the other half of the slab was 
assembled in the morning and concrete poured that afternoon. 
Wood form work was placed between the beams to form the bottom of the slab while 
steel forms were used to form the sides and ends of the slab. A 1/8-inch thick sheet of 
polyvinyl chloride (PVC), supported laterally by a 2- x 12-inch board, was used to form the 
face of the joint on the first half of the slab constructed. Holes were drilled in the board and 
PVC at the locations of the dowel bars. Once the holes were drilled, the board and PVC were 
ripped lengthwise to allow for the removal of the board and PVC after the first half of the 
slab was poured. The dimensions of the PVC sheet were such that the top half of the sheet 
stuck above the form work and the bottom half protruded below the center supporting beams. 
This additional width provided something to grab on to and pull when trying to remove the 
top and bottom halves of the PVC sheet. 
After the wood form work and steel forms were in place and the board and PVC 
fabricated, the formwork used to form the face of the joint was assembled. The bottom 
portion of the PVC was slid between the two center beams and clamped into position. The 
top portion of the PVC was then positioned and clamped. Once both portions of the PVC 
were in position, the 2- x 12-inch board was bolted to the ends of the side forms, 
sandwiching the PVC between the ends of the side forms and the 2- x 12-inch board. After 
the board was in place, dowels were inserted through the predrilled holes and positioned. 
Angle iron was screwed to the outside of the board to prevent the top and bottom half of the 
board from separating. Bracing was then attached to the angle iron closest to the center of 
the board and welded to one of the center beams to prevent the board from bowing, thus 
ensuring that a straight joint was formed. To prevent adhesion to the concrete, a thin layer of 
grease was applied to the PVC. Figures 5.3 and 5.4 show the formwork used to pour the first 
half of Slab 2. 
Before placing the concrete, a sheet of polyurethane was placed over the top of the 
steel beams and wood formwork. This prevented a bond from developing between the 
concrete and steel. Neoprene was used in past studies at ISU for this purpose; however, 
neoprene has a tendency to lose its elastic properties after prolonged exposure to compressive 
stresses. Since the affect of the degradation of the elastic properties of the neoprene on the 
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Figure 5.3 Formwork for north half of Slab 2 
Figure 5.4 Formwork used to form a straight joint for Slab 2 
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- - - --- -value of the modulus ofsubgradereactionfor the steel supporting beams was unk11own;-the 
author selected to use polyurethane for the purpose of separating the slab from the beam. 
The day after concrete was poured for the first half of the slab, the 2- x 12-inch board 
used to support the PVC was removed and formwork for the other half of the slab was 
assembled. The ends of the side forms for the second half of the slab were butted up against 
the PVC and bolted to the ends of the side forms used in casting the first half of the slab. A 
thin layer of grease was also applied to the surface of the PVC that was against the 2- x 12-
inch board during the first pour. Formwork for the second half of Slab 1 is shown in Figure 
5.5. 
Figure 5.5 Formwork for second half of Slab 1 
After the concrete had cured for approximately seven days, the PVC sheeting and 
formwork were removed. The top half of the PVC was removed by pulling on this half from 
the top of the slab. The bottom half of the PVC was removed by crawling under the 
laboratory setup and pulling down on the PVC. The PVC was removed from between the 
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two halves of the specimen with little effort. The author attributes the easy removal of the 
PVC to the thin layer of grease applied to the surfaces of the PVC. 
5. 3. 3 Loading System 
Cyclic testing was accomplished through the use of a MTS, closed-loop, servo-
controlled, testing system. In order to simulate the loading of the joint by a truck tire, a 
sinusoidal-shaped load function was selected for both actuators with the two functions 180 
degrees out of phase. For each function, the load ranged from a maximum of 9000 pounds to 
a minimum of 300 pounds. The frequency of the load application was set at 5 hertz. The 
two load functions used during cyclic testing are shown in Figure 5.6. 
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Figure 5.6 Load functions 
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The measure of joint performance as given by AASHTO in Section 2.2.4 assumes 
the data used in calculating this measure was obtained from 9000-pound wheel load 
applications. Since Brown and Bartholomew [ 18] and ACP A [ 15] remained silent on this 
point, a maximum load of 9000 pounds was selected. A maximum load of 9000 pounds was 
also used in previous testing conducted at ISU. A minimum load of 300 pounds ensured that 
the specimen would not "walk out" from under the actuators. 
Cyclic load was applied to the specimens through the use of two hydraulic actuators 
positioned on each side of the joint along the centerline of the specimen. The center of each 
actuator was approximately 7.25 inches from the center of the joint. Imminent contact 
between components on the two actuators prevented the actuators from being placed any 
closer to the joint. A 10.61-inch square load plate was attached to the bottom of both 
actuators. The shape and dimensions of the load plate were selected to represent the 
equivalent contact area for a set of dual tires inflated to a pressure of 80 psi and carrying a 
load of 9000 pounds, as determined by ACPA's equation for tire contact area [13]. A 3/4-
inch thick neoprene pad was placed between the load plate and the top of the concrete slab to 
avoid local crushing of the concrete and to evenly distribute the applied load. 
The actuators were supported by a moveable beam that was attached to a steel load 
frame, as shown in Figure 3.8. The steel frame was in turn fixed to the tie-down floor of the 
testing laboratory. To prevent the movement of the actuators during cyclic testing, the 
actuators were braced horizontally to the steel frame and longitudinally to the moveable 
beam. The moveable beam permitted the actuators to be rolled out of position without 
having to dismantle the actuators for the construction of the second test specimen. 
5.4 Instrumentation 
Slab deflections, applied load, and load transfer needed to be measured and recorded 
throughout the experimental investigation in order to determine the performance of the 
doweled joints. Instrumentation used to collect this type of data consisted of direct current 
displacement transducers (DCDTs ), load cells, and strain gages. Data from the 
instrumentation was only collected during static-load testing of the specimens, which was 
conducted between intervals of cyclic loading. A data acquisition system was used to collect 
the data from static-load tests for further analysis. 
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5. 4.1 Slab Deflections 
Vertical displacements were of particular interest in analyzing the behavior and 
performance of each slab. DCDTs were placed on top of the slabs and mounted to an 
external frame in order to monitor the vertical displacements of each slab. To prevent the 
frame from vibrating during testing, the frame was built around the specimens and did not 
touch any part of the test setup. The stability of the frame was ensured by fixing it to the tie-
down floor. Figure 5.7 demonstrates the use of this frame during testing. 
Figure 5. 7 DCDT instrumentation frame 
A total of 18 DCDTs were used during the testing of Slab 1. A layout for the DCDT 
instrumentation for Slab 1 is given in Figure 5.8. To obtain a deflection profile for both sides 
of the transverse joint, DCDTs were placed along both sides of the joint at the location of 
every dowel bar. In addition, a DCDT was placed on each side of the joint at the centerline 
of the specimen. Data from these two DCDTs was used to evaluate the performance of the 
joint. The stems of these 14 DCDTs were approximately 3/4-inch from the centerline of the 
6"-
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Jomt. DCDTs were also placed at the points of intersection of the centerline of the specimen 
with the centerlines of the middle and outside beams on both sides of the joint. Deflection 
measurements from the DCDTs along the centerline of the slab were used to create a 
deflection profile for the centerline of the slab. Deflection profiles were used to verify the 
modulus of subgrade reaction for the supporting beams and that the behavior of the 
laboratory test setup was comparable to actual field conditions. 
Since Slab 1 contained fewer dowels and a majority of the DCDT instrumentation for 
this slab was for verification purposes, the instrumentation layout for Slab 2 differed from 
Slab 1. The layout for the DCDT instrumentation for Slab 2 is given in Figure 5.9. Fourteen 
DCDTs were placed along both sides of the joint at the location of every dowel bar except at 
the location of the two outside dowels on each side of the centerline of the specimen. 
DCDTs were not placed at these locations because the comparison of results between Slab 1 
and finite element analyses showed deflection measurements taken from the outside of the 
slab were invalid. The stems of these fourteen DCDTs were approximately 3/4-inch from the 
center of the joint. 
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In both slabs, the stems of the DCDTs rested on rectangular PVC plates. The use of 
these PVC plates guaranteed a flat surface for the stems to bear against. All PVC plates were 
cut from the leftover PVC sheeting used in forming the joint and were epoxied down to the 
top of the slab. 
5.4.2 Load 
Load cells were used to measure the load applied by each actuator. These load cells 
were integral with the actuators and were located between the piston and base of the 
actuators. Each load cell was calibrated before testing of the specimens began. Calibration 
of each load cell was accomplished by placing a load cell that was known to be calibrated 
correctly between the load plate attached to the bottom of each actuator and the top of the 
concrete slab. Load was applied to the correctly calibrated load cell by each actuator and the 
load cells integral with the actuators were adjusted to read the same load as recorded by the 
correctly calibrated load cell. 
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5. 4. 3 Load Transfer 
Load transfer across the joint was monitored through strain gages attached to the 
supporting beams and dowel bars. Load tests were performed to develop force-strain 
relationships for each beam and dowel bar instrumented. These relationships were used to 
determine the magnitude of force distributed to each beam and dowel bar. Knowing the 
distribution of the applied load amongst the elements of the test setup, the load transfer 
across the joint could be determined. 
To determine the relationship between strain and the load distributed to each beam, 
strain gages were placed at two locations along the length of the supporting beams, as shown 
in Figure 5.10. At each location, a total of four strain gages were attached to the flanges of 
the beams. One gage was glued to the underside of both the top and bottom flange on each 
side of the web, as shown in Figure 5.10. Four gages were placed at each location as a 
precaution against damage; therefore, up to three gages could be ruined without totally 
negating the collection of strain data at a location. Of course, a better measure of strain would 
be provided if data was collected from all four gages. Strain gages were not placed on the 
two outside beams since the finite element analysis of the laboratory setup showed that none 
of the applied load was distributed to these two beams. 
For the dowel bars, the moment along the length of the dowel was of particular 
interest. Knowing the moment at two locations on either side of the centerline of the dowel 
would enable the determination of the constants C and Din Equation 2.6 of Section 2.3.2 
( constants A and B are equal to zero for the case of a dowel bar of semi-infinite length). 
Knowing the constants C and D, the load transferred through the dowel could be obtained by 
successive differentiation of Equation 2.6. Therefore, strain gages were placed on both sides 
of the centerline of the dowel at two locations as illustrated in Figure 5 .11. At each location 
two strain gages were placed diametrically opposite each other. A more complete description 
of the determination of the load transferred through each dowel from measured strains is 
given in Section 6.4. 
Since a majority of the applied load is transferred across the joint through the dowels 
located closet to the point of application of the load, only the dowels located closet to the 
centerline of the specimen had strain gages placed on them. For Slab 1, only the two dowels 
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6 inches east and west of the centerline of the slab possessed strain gages. For Slab 2, only 
the dowel at the centerline of the slab and the two dowels 6 inches east and west of the 
centerline of the slab contained strain gages. 
5.5 Test Procedure 
5.5.1 Load Tests 
Before the supporting beams were set in place on the abutments or the dowel bars 
encased in the slab, load tests were performed on each beam and dowel bar that contained 
strain gages. A relationship between the applied load and corresponding strain could have 
been determined theoretically; however, misalignment of the strain gages and variation in 
material properties and section dimensions introduces errors into the relationship. Therefore, 
load tests were performed to experimentally determine the force-strain relationship desired. 
During load testing of the support beams, each beam was subject to three-point 
bending. The span between supports for the beams was 12 feet, which was equal to the span 
of the beams in the test setup. A single hydraulic actuator was used to apply a concentrated 
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load to the midspan of each beam. The load was applied in 250-pound increments using 
force control on the MTS, closed-loop, servo-controlled, testing system. A minimum of two 
tests was conducted on each beam. The first test was employed to allow the beam to settle 
on its supports. Additional tests were performed until there was a consistency in test data 
between two successive tests. Results from the last test on each beam were used to develop a 
load-strain relationship for that beam. 
Dowel bars were load tested under three-point bending, with load applied by a 
400,000-pound capacity, universal testing machine. The number of tests carried out on each 
dowel bar was as explained above for the support beams. 
5. 5. 2 Static and Cyclic Loading 
Both static and cyclic loads were applied to the test specimens; however, data was 
only collected during application of the static load. A total of 5,000,000 applications of 
cyclic load was applied to Slab 1, whereas, Slab 2 was subjected to a total of 5,682,000 
applications of cyclic load. This Cyclic load was applied to each specimen through the use 
of two hydraulic actuators as explained in Section 5.3.3. Static loading of a specimen only 
took place after a certain number of load cycles had been applied to the specimen. For Slab 
1, static loading occurred at the end of the following number ofload cycles (in thousands): 0; 
25; 50; 75; 100; 150; 200; 300; 400; 500; 750; 1,000; 1,500; 2,000; 3,000; 4,000; and 5,000. 
Static loading for Slab 2 took place at the same number of load cycles as for Slab 1 except 
that a static test was performed at the end of 5,682 cycles instead of 5,000, which was the 
result of a malfunction in the automatic shutoff on the MTS testing system. 
During static loading of the test specimens, force control was used to apply a 
maximum load of 9,000 pounds in 500-pound intervals. Data was collected from the 
instrumentation at each interval of load. Two static tests were performed after the specified 
number of load cycles had been applied to the specimen. The purpose of the first test was to 
seat the components of the test setup while the purpose of the second test was to collect data 
for analysis. For each static test, load was first applied to the north half of the slab and then 
to the south half of the slab. 
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6 ANALYSIS OF DATA 
6.1 Introduction 
As discussed in Section 5.5.2, a total of two static tests were conducted at the end of 
each interval of cyclic loading. Only data collected at the maximum load of 9000 pounds 
from the second static test was analyzed to determine the performance of the doweled joint. 
Performance variables were calculated from the collected data at each of the specified 
number of load cycles. The performance of the joint under repetitive loading was displayed 
through rectilinear plots produced for each performance variable. To determine the 
relationship between the performance variable and the number of applied load cycles, a 
graphical analysis was performed. 
6.2 Deflection Data 
Deflection measurements from the two DCDTs located at the centerline of each 
specimen on either side of the joint were substituted into Equations 2.3 and 2.4 to determine 
the joint effectiveness and load transfer efficiency for Slabs 1 and 2. Figures 6.1 and 6.2 
show plots of the calculated joint effectiveness and load transfer efficiency versus the 
number of applied load cycles for Slabs 1 and 2. At zero cycles the joint effectiveness and 
load transfer efficiency were 84.4 and 73.1 percent, respectively, for Slab 1 and 89.7 and 
81.3 percent, respectively, for Slab 2. However, as shown by the graphs, the performance of 
each joint degraded as the number of load cycles increased. This degradation occurred at a 
high rate initially, however, as the number of load cycles increased the rate of degradation 
decreased. At the end of 5 million cycles the joint effectiveness and load transfer efficiency 
were reduced to 80.6 and 67.5 percent, respectively, for Slab 1 and 84.8 and 73.7 percent, 
respectively, for Slab 2, as determined from the empirical equation for each graph. 
As an additional measure of performance, the relative displacements along the joint 
were calculated for each slab. In determining the relative displacement at a particular point 
along the joint, the deflection measured by the DCDT on one side of the joint was subtracted 
from that obtained from the corresponding DCDT on the other side of the joint. Plots of 
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relative displacement at the centerline and 6 inches east and west of the centerline versus 
number of load cycles for each slab are shown in Figures 6.3 and 6.4. -
After reviewing Figure 6.3, the author determined that the relative displacements at a 
higher number of load cycles were not accurately represented by the given trendline. This 
trendline was heavily weighted by the smaller relative displacements at the lower number of 
load cycles. Since the relative displacements at a higher number of load cycles were of 
particular interest, a new trendline, as shown in Figure 6.5, was developed for Slab 1 using 
the following load cycles (in thousands): 25, 1000, 2000, 3000, 4000, and 5,000. 
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Figure 6.3 Relative deflection versus number of cycles for Slab 1 
As shown by Figures 6.4 and 6.5, the relative displacement increases with increasing 
load cycles. For Slabs 1 and 2, the initial relative displacement at centerline was 0.0041 and 
0.0029 inches, respectively. The relative displacement at zero cycles 6 inches east and west 
of centerline was 0.0024 and 0.0025 inches, respectively, for Slab 1 and 0.0014 and 0.0021 
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inches, respectively, for Slab 2. After 5 million applications of cyclic load, the relative 
displacement at centerline increased to 0.004 7 and 0.0032 inches, respectively, for Slabs 1 
and 2, as determined from the corresponding empirical equation for each graph. At 6 inches 
east and west of centerline, the relative displacement increased to 0.0031 inches (for both 
sides), respectively, for Slab 1 and 0.0018 and 0.0025 inches, respectively, for Slab 2, as 
determined from the empirical equation for each graph. 
The trendline feature in Microsoft Excel was used to calculate the constants in the 
empirical equations shown in the graphs. A prior knowledge of the type of trendline that 
most closely approximated the data was a prerequisite for the trendline feature in Microsoft 
Excel. In trying to determine the type of equation that best approximated the data, the author 
assumed that the data could be approximated by one of three types of functions: linear, 
exponential, or power law. The data was plotted on three different types of graphs: a 
rectilinear (Cartesian) graph, a semi-log graph, and a log-log graph. When the data plotted as 
a straight line on a rectilinear graph, the empirical equation that best approximated the data 
was assumed to be linear. However, if the data plotted as a straight line on a semi-log graph, 
an exponential function was assumed to be the best fit. If the data did not plot as a straight 
line on a rectilinear or semi-log graph but plotted as a straight line on a log-log graph, a 
power law equation was assumed to represent the data. Knowing the type of equation the 
data approximated, Excel' s trendline feature could be used to determine the constants for the 
equation. Rectilinear, semi-log, and log-log plots of the data for joint effectiveness, load 
transfer efficiency, and relative displacements are displayed in Appendix A. From the graphs 
in Appendix A, the data tends to plot as a straight line on both semi-log and log-log graphs. 
After plotting both exponential and power law trendlines, the power law was determined to 
best fit the data. The author notes that the power law is often used to represent cyclic data. 
6.3 Beam Strain Gage Data 
Data from the load tests was used to develop a load-strain relationship for each beam. 
Assuming the load distributed to each beam during static testing could be represented as a 
uniform load, a direct relationship existed between the applied load during load testing and 
the load distributed to the beam during static testing. Therefore, the applied load versus 
strain was plotted for each beam and a linear regression was used to develop the load-strain 
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relationship. The resulting plots are displayed in Appendix B. Refer to Figure 5 .1 for the 
location of each beam within the test setup. 
Equation 2.2 was used to determine the transferred load efficiency for each slab. The 
applied wheel load, Pw, in Equation 2.2 was taken as the sum of the loads on all beams, 
whereas, the transferred load was taken as the sum of the loads on the beams under the 
unloaded side of the slab. To determine the magnitude of the load distributed to each beam 
at the maximum applied load of 9,000 pounds, an average of the eight strains recorded from 
the eight gages was taken. This average was then inserted into the relationship developed for 
that particular beam to give the magnitude of the distributed load. 
Plots of the transferred load efficiency versus the number of applied load cycles for 
both slabs are displayed in Figure 6.6. The transferred load efficiency for both slabs is 
relatively constant at 42 percent for Slab 1 and 42.2 percent for Slab 2, as determined from 
the respective empirical equation. The empirical equation for each graph was determined as 
explained in Section 6.2. Rectilinear, semi-log, and log-log plots of the data used in 
determining the type of trendline can be found in Appendix A. 
6.4 Dowel Strain Gage Data 
Data collected from load tests performed on each dowel bar was used to develop a 
relationship between the strain at a particular point and the corresponding moment for each 
bar. The moment in the dowel at each strain gage location was determined from the known 
dimensions of the test setup employed for load testing. Plots of the moment in the dowel at 
each strain gage location versus the corresponding strain were produced and regression 
analyses were performed to establish the moment-strain relationships. The resulting plots are 
displayed in Appendix B. Refer to Figures 5.8 and 5.9 for the location of the dowels within 
Slab 1 and Slab 2. 
The load transferred through a dowel was determined from Equation 6.1. 
d3 
P = EI _l_ (6.1) 
dx 3 
Assuming the case of a dowel bar of semi-infinite length ( constants A and B are equal to 
zero) and differentiating Equation 2.6 three times with respect to x and then setting x equal to 
zero gives Equation 6.2. 
73 
50 
Slab l 
r4 
...) 
E- rTLE 41.947 N SE-osC 45 C 
Q) {:) ·u 
4-,. 
i:il 
-c:, 
ro 
0 
...) 
-c:, 
Q) 40 t: 
(fJ 
i:: ro :.... 
E-
35 
0 1000 2000 3000 4000 5000 6000 
Number of Cycles N, thousands 
50 
Slab2 
r4 
...) 
E-
c 45 TLE = 42.203 N-o.oooi 
C 
Q) ·u 
4-,. 
i:il 
-c:, 
ro 
0 
...) 
-c:, 40 Q) 
I:: 
(fJ 
C ro :.... 
E-
35 
0 1000 2000 3000 4000 5000 6000 
Number of Cycles N, thousands 
Figure 6.6 Transferred load efficiency versus number of cycles for Slabs 1 and 2 
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d3 
·~ = 2cp3 + 2op3 
dx 3 
(6.2) 
This equation shows that the constants C and D must be known before the load transferred 
through the dowel can be computed. 
The constants C and D can be solved if the moments at two locations along the dowel 
are known. Designating the deflection of the dowel bar as positive downward, the moment 
in the dowel bar at any given location is given by Equation 6.3. 
d2y 
M=-EI-dx2 (6.3) 
For a dowel bar of semi-infinite length, the second derivative of Equation 2.6 is as follows: 
d2 
_I. = 2Ce-l3xp2 sin px - 2De-l3xp2 cos Px 
dx 2 
Substituting the moment at 1.5 and 5.5 inches from the center of the dowel and the 
expression for d2y/dx2 into Equation 6.3 gives Equations 6.5 and 6.6, respectively, which 
were solved simultaneously to give the constants C and D. 
M1.5 = EI (-2Ce-I. 513 p2 sin 1.5P + 2De-1.513 p2 cos 1.5P) 
Ms.s = EI (-2Ce-5·513 p2 sin 5.5p + 2De-5·513 p2 cos 5.5p) 
Taking an average of the two strains at each location and substituting this value into the 
moment-strain relationship developed for that dowel produced the moment at these two 
locations. 
(6.4) 
(6.5) 
(6.6) 
In analyzing the strain data to determine the load transferred through each dowel, the 
author noticed that the magnitude of this load was extremely sensitive to the value of strain in 
the gage located 5.5 inches from the center of the dowel. In fact, a change of 1 microstrain 
produced a change of 100 pounds in the computed magnitude of the load. Considering that 
the noise in the strain gages accounted for between 0 and 3 microstrains, the results from the 
analysis of this data were <learned unreliable and are not displayed. 
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7 COMPARISON AND RELATION OF RESULTS 
7.1 Experimental versus Computer Modeling 
Experimental data collected from Slab 1 was compared to results obtained from 
several finite element runs of the JPCP model described in Section 3 .1. The comparisons 
enabled the determination of the modulus of subgrade reaction for the steel supporting beams 
and verified that the laboratory specimens behaved similar to an actual concrete highway 
pavement. 
The deflection measurements recorded by the DCDTs along the transverse joint of 
Slab 1 were plotted to form a deflection profile for the joint. In determining the value for the 
modulus of subgrade reaction that the steel supporting beams provided, this deflection profile 
was compared to several obtained from finite element runs of the JPCP model. For each 
finite element run, a different value was used for the stiffness of the Winkler foundation. 
From these comparisons the author concluded that the steel supporting beams represented a 
soil having a modulus of subgrade reaction approximately equal to 145 pci, as shown by 
Figure 7 .1. Values for the modulus of subgrade reaction used in the design of pavements 
typically fall between 100 and 15 0 pci [ 14]. 
Within 18 inches of either side of the centerline, the deflection profile for the loaded 
edge of Slab 1 is slightly concaved upward and matches that of the finite element model. 
Unlike the loaded edge, the deflection profile for the unloaded edge of Slab 1 is concaved 
downward. This shape could have resulted from localized bearing failures of the concrete at 
the outside edges of the slab. However, a visual inspection of the bottom of the slab when it 
was lifted off the beams did not reveal any evidence that a bearing failure of the concrete had 
taken place. The deflected shape of the unloaded edge could have also resulted from the 
placement of the instrumentation. Measurements from the center of the slab were critical in 
determining the performance of the joint; therefore, DCDTs with a higher resolution were 
placed towards the center of the slab. Since the higher resolution DCDTs were placed near 
the center of the slab, deflection measurements taken at the edges were not as precise as 
those recorded near the center of the slab. Because the deflected shapes of the loaded and 
unloaded edge deviate from those of the finite element model towards the outside of the slab, 
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Figure 7 .1 Determination of modulus of subgrade reaction 
the modulus of subgrade reaction determined for the laboratory setup is only valid for a 3-
foot section of the specimen as illustrated in Figure 7 .1. 
In addition to the deflections along the joint, the rotations of the adjacent faces of the 
joint at the centerline of the slab were used to verify the behavior of the test specimen. The 
rotations of the joint faces for the JPCP model were obtained from the output of the program. 
For Slab 1, assuming plane sections remain plane, the rotations of the faces of the joint are 
equivalent to the slopes of the two halves of the test specimen. The slopes were found 
through linear regression of the deflection data collected along the centerline of Slab 1. 
Centerline deflections along with the resulting linear trendline are displayed in Figure 7 .2, 
which includes the centerline deflections for the JPCP model for comparison. As shown in 
the figure, the rotations of the adjacent faces of the joint, which are equivalent to the slopes 
of the two halves of the pavement, are equal to 0.0002 for both the loaded and unloaded side 
of the specimen. The rotations from the JPCP model were 0.00018 for the loaded side and 
0.00017 for the unloaded side. Comparing the two rotations, an 11.1 and 17.6 percent 
difference, respectively, exists between the JPCP model and Slab 1 for the loaded and 
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unloaded sides. Excluding the portions of the test specimen near the edges, the difference in 
deflections and rotations between the JPCP model and Slab 1 are small enough to conclude 
that the test specimen behave similarly to an actual pavement. 
7.2 Slab 1 versus Slab 2 
For comparison purposes, identical performance parameters for both slabs were 
plotted on one graph, as shown in Figures 7.3, 7.4, and 7.5. From viewing the figures, one 
can see that the trendlines for any given performance parameter are similar in shape for both 
slabs. Although the values for any given parameter are consistently lower for Slab 1 than for 
Slab 2, these values decrease at approximately the same rate for both slabs. Since the values 
of the performance parameters for Slab 1 are less than those for Slab 2, the author concluded 
that the performance of Slab 2 was superior to that of Slab 1. 
The effectiveness of each joint in transferring medium to heavy wheel loads over the 
design life of the pavement, which is typically 40 years for interstate highways [ 14], was 
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evaluated based on the joint effectiveness, load transfer efficiency, and transferred load 
efficiency of each slab. Over its design life, a pavement can accumulate on average as many 
as 100 million ESALs [14]. Therefore, the joint effectiveness, load transfer efficiency, and 
transferred load efficiency of each slab for 100 million cycles of load were required. These 
values were obtained through the use of the empirical equations derived in Sections 6.2 and 
6.3. The results are tabulated in Table 7.1, which includes minimum values for acceptable 
performance. 
Table 7.1 Joint performance at an extrapolated 100 million cycles ofload 
Slab E,% Emim¾ E/Emin LTE,% LTEmin,% LTE/LTEmin TLE,% TLEmin,% TLE/TLEmin 
(1) (2) (3) (4) (5) (6) (7) (8) (9) 
I 78.2 75 1.04 64.2 70 0.92 42.0 35 1.20 
2 83.2 75 1.11 71.2 70 1.02 42.0 35 1.21 
If any value is less than the minimum, which is indicated by a value of less than one 
in column 3, 6, or 9 of Table 7.1, then the joint was assumed to be ineffective in transferring 
load. As indicated in Table 7 .1, the dowel design for Slab 1, 1.5-inch diameter GFRP dowels 
spaced at 12 inches, is inadequate for medium to heavy truck loads based on load transfer 
efficiency. Setting the empirical equation given in Figure 6.2 for Slab 1 equal to seventy and 
solving for N, one finds that the load transfer efficiency falls below the minimum after only 
582,000 cycles of load. 
Although the calculated values of joint effectiveness and transferred load efficiency 
were above the minimum for Slab 1, the author reminds the reader that the magnitude of the 
applied load to be used in determining these two parameters was not specified, as was 
pointed out in Section 5 .3 .3. Therefore, the use of the load transfer efficiency parameter in 
judging the adequacy of the joint seems appropriate; whereas, the use of the joint 
effectiveness or transferred load efficiency variable is questionable. 
For comparison purposes, the relative displacements for Slab 1 and Slab 2 were 
plotted on the same graph, as shown in Figure 7 .6. The relative displacement 6 inches from 
the centerline of the joint represents the average of the relative displacements 6 inches east 
and west of the centerline. From this figure one can see that the relative displacements for 
0.006 
0.005 
d 
-~ 0.004 
= .s -u (I) 
0.003 i:;::::: 
(I) 
Cl 
(I) 
> -~ 0.002 a) 
ct: 
0.001 
0 
0 
80 
CL Slab 1 
CL Slab 2 
ll. 6" from CL Slab 1 
D CL Slab 2 
o 6" from CL Slab 2 
1000 2000 3000 
6" from CL Slab 2 
4000 5000 
Number of Cycles N, thousands 
Figure 7 .6 Relative deflection versus number of cycles comparison 
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Slab 1 were higher than those for Slab 2. Large relative displacements result in pumping, 
which leads to the faulting and cracking of pavement slabs. Therefore, Slab 1 is more likely 
to have problems with faulting and cracking than Slab 2. 
From Figure 7.6, one can also see that the trendlines for Slab 2 are flatter than those 
for Slab 1. The flatter trendlines are the result of lower bearing stresses in the concrete 
around the dowels of Slab 2, which agrees with the theoretical results presented in Section 
4.2. High bearing stresses lead to the erosion of concrete around the dowel resulting in an 
increase in relative displacements as the number of load repetitions increase. Since this is the 
type of behavior displayed by the trendlines for Slab 1, the author concludes that the bearing 
stresses in the concrete around the dowels in Slab 1 were too high. The higher bearing 
stresses can be attributed to the larger spacing of dowels for Slab 1. 
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8 DESIGN IMPLICATIONS 
Since the results from the theoretical and experimental investigations indicate that the 
current design guideline for epoxy-coated steel dowels is not appropriate for use with GFRP 
dowels, a new standard for the design of GFRP dowels is warranted. A design procedure 
based on solving theoretical equations is dependent upon a test that would give consistent 
results for the modulus of dowel support. As pointed out in Section 2.3.3, the modulus of 
dowel support was found to be highly variable in the previous research [11, 24, 25, 26]. 
Therefore, for a theoretical based design procedure to work, a sound experimental or 
theoretical procedure needs to be found for determining the modulus of dowel support. In 
addition to the results from any theoretical investigation, knowledge gained through field 
studies and laboratory testing is also essential to the development of a new design standard 
for GFRP dowels. 
Besides past research at ISU and the research described herein, the author is aware of 
only one additional laboratory study that has investigated the fatigue performance of concrete 
pavements containing GFRP dowels. This was the study conducted at the University of 
Manitoba on 10-inch thick concrete pavements containing GFRP dowels [32]. Researchers 
at the University of Manitoba demonstrated that for a 10-inch thick pavement slab subjected 
to 1 million cycles of a 29,200-pound wheel load, the 1.5-inch diameter GFRP dowels 
compared favorably to the 1.25-inch diameter steel dowels. The results of up to 10 million 
cycles of laboratory fatigue testing previously performed at ISU [11] on a total of four full-
scale pavement slabs indicate that one possible GFRP dowel design for a 12-inch thick 
concrete pavement consists of 1.75-inch diameter dowels spaced at 8 inches on center. 
Another possible GFRP dowel design for a 12-inch thick concrete pavement based on the 
research described herein consists of 1.5-inch diameter dowels spaced at 6 inches on center. 
The implications of these results indicate that various combinations of diameter, spacing, 
number of cycles, and slab thickness are worthy of additional studies. 
The author notes that the diameter of the GFRP dowels used in the study at the 
University of Manitoba on 10-inch thick concrete pavements was 1/4-inch larger than that 
recommended by AASHTO for an epoxy-coated steel dowel. However, previous research at 
ISU [11] indicates that GFRP dowels 1/4-inch larger than that recommended by AASHTO 
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and spaced at the standard 12 inches will lead to larger deflections for a 12-inch thick 
concrete pavement. In a study entitled Non-Corrosive Tie Reinforcing and Dowel Bars for 
Highway Pavement Slabs [11], researchers at ISU tested one full-scale pavement slab 
containing 1.75-inch diameter GFRP dowels spaced at 12 inches on center. Figure 8.1 
compares the relative displacements from this slab to those obtained from a slab containing 
1.5-inch diameter steel dowels spaced at 12 inches on center, which was tested in the same 
study. As shown by Figure 8.1, the relative displacements for the slab containing the 1.75-
inch diameter GFRP dowels were higher than those for the slab containing the 1.5-inch 
diameter steel dowels. Since there was an increase in the relative displacements for the slab 
containing the 1.75-inch diameter GFRP dowels spaced at 12 inches on center, the slab has 
the potential for increased tensile stresses. With larger relative displacements there is also 
the increased potential for pumping and faulting of the slab. Therefore, GFRP dowels at 12 
inches on center having a diameter 1/4-inch larger than that recommended by AASHTO need 
further investigation to be accepted as a design solution for 12-inch thick concrete 
pavements. 
Intuitively, one would think that simply increasing the diameter of the dowel would 
also work for a 12-inch thick concrete pavement; however, this is not the case. The reason 
for this is due to the sensitivity of the relative deflection at smaller values of the modulus of 
dowel support as shown in Figure 8.2. Although there is a decrease in shear deflection, b, 
due to selecting a larger diameter bar, this is offset by an increase in the deflection of the 
dowel at the face of the joint, y0 , as the result of a smaller modulus of dowel support for the 
larger diameter bar; therefore, the relative deflection may decrease only slightly if at all. In 
some instances the relative deflection may even increase for larger diameter bars, as shown 
in Table 4.3. Friberg [21] also noticed the increased sensitivity of the relative deflection at 
smaller values of the modulus of dowel support and recommended against using dowels 
having a modulus of dowel support less than 500,000 pci. 
Results from the research conducted at ISU indicate that for dowels greater than 1.5 
inches in diameter, the decrease in relative displacement resulting from a larger diameter bar 
may be offset by the increase due to a smaller modulus of dowel support. Therefore, the 
appropriate design procedure for GFRP dowels appears to consist of spacing GFRP dowels at 
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12 inches on center having a diameter 1/4-inch larger than that recommended by AASHTO 
for pavements up to 10 inches thick. For pavements 12 inches thick ( or possibly greater), 
1.5-inch diameter dowels are suggested at a spacing of 6 inches on center. Other 
combinations of spacing and/or diameter may be possible; however, until further research is 
completed, the 1.5-inch diameter dowels at a spacing of 6 inches on center are recommended. 
Although 2 million cycles of fatigue testing were performed on the 1.75-inch 
diameter GFRP dowels spaced at 8 inches on center, the performance parameter L TE was not 
evaluated for this dowel system. The dowel system was also tested in a pavement slab that 
had a transverse joint width of essentially zero. Since a joint width of 1/8-inch was 
determined to represent actual field conditions during the majority of a pavement's life, there 
is the potential for increased deflections above those that were observed in the previous 
research [ 11] if this dowel system is installed in highway pavements. Therefore, the author 
suggests further testing of this dowel system in full-scale laboratory pavement slabs 
containing 1/8-inch transverse joints before this dowel system is used. 
Based on the aforementioned methodology, a preliminary design guideline for GFRP 
dowels is proposed as shown in Table 8.1. The design guideline proposed is a preliminary 
guideline based on a small number of laboratory tests. Further research is needed to confirm 
this proposed design standard, including the parameter variations of diameter, spacing, 
number of cycles, and slab thickness. 
Table 8.1 Design guideline for GFRP dowels 
Pavement Thickness h, in. 
14 
12 
10 
8 
6 
Diameter b, in. 
1.5 
1.5 
1.5 
1.25 
1.0 
Spacing, in. 
6 
6 
12 
12 
12 
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9 SUMMARY, CONCLUSIONS, AND RECOMMENDATIONS 
9.1 Summary 
Numerical, theoretical, and experimental investigations were conducted to determine 
the behavior of GFRP dowels. The numerical investigation consisted of the construction of 
two finite element models. Because of the lack of field data for the specific conditions of this 
research, a finite element model of a JPCP was created. To accurately model the behavior of 
a dowel embedded in concrete, two different dowel elements were developed. The dowel 
element representing a vertical spring was selected for use in the JPCP model. Deflections 
from the JPCP model were used to verify that the laboratory test setup simulated the behavior 
of an actual concrete highway pavement. A finite element model of the laboratory test setup 
was also constructed to determine a preliminary value for the modulus of subgrade reaction, 
which was used later in the theoretical investigation. 
A theoretical investigation was carried out to determine the diameter and spacing of 
GFRP dowels that would result in a load transfer capacity equivalent to that of the steel 
dowels currently recommended. The most economical GFRP dowel system for equivalent 
load transfer from the research conducted to date consisted of 1.5-inch diameter GFRP 
dowels spaced at 6 inches on center. 
Laboratory fatigue testing was performed on two specimens. The first specimen 
contained GFRP dowels having a diameter of 1.5 inches and spaced at 12 inches. This 
diameter and spacing was based on the current design standard for steel dowels. The second 
specimen contained the GFRP dowel system determined to be equivalent in load transfer 
capacity to that of the recommended steel dowels, which consisted of 1.5-inch diameter 
GFRP dowels spaced at 6 inches on center. Both specimens were subject to 5 million cycles 
of a 9 ,000-pound cyclic load. After only 582,000 cycles of load, the first specimen failed to 
transfer load effectively. However, based upon extrapolation, the second specimen would 
have still been effective in transferring load at 100 million cycles of load, which is the 
average number of ESALs a pavement is expected to accumulate over its design life. 
Results from the fatigue testing conducted at ISU as well as from the University of 
Manitoba were used to develop a preliminary guideline for the design of GFRP dowels. The 
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design guideline developed from this study suggests a 1/4-inch increase in the diameter 
recommended by AASHTO for pavements up to 10 inches thick. For pavements 12 inches 
thick or greater, the design guideline suggests a 1.5-inch diameter dowel placed at a reduced 
spacing of 6 inches on center. 
9.2 Conclusions 
The following conclusions were made with regard to the results of this research and 
pertain to contraction joints within concrete pavements. The following conclusions may not 
apply for expansion joints. 
• The JPCP model created for this study was successfully verified by comparing the 
results from the JPCP model for a pavement of assumed parameters to available 
theoretical and numerical solutions. 
• The two dowel elements developed in this study accurately model the behavior of 
a dowel embedded in concrete. 
• Actual field conditions are simulated by the laboratory test setup. 
• The steel supporting beams simulate a soil having a modulus of subgrade reaction 
equal to 145 pci. 
• All instrumentation, except for the strain gages attached to the dowel bars, was 
successful in collecting useful data for investigating the effectiveness of a GFRP 
dowel system in transferring load. 
• The test procedure followed during testing was effective in monitoring the fatigue 
performance of the GFRP dowels. 
• The 1.5-inch diameter GFRP dowels spaced at 12 inches on center were 
inadequate in transferring load. 
• The 1.5-inch diameter GFRP dowels spaced at 6 inches on center were effective 
in transferring load over the design life of the pavement. 
• The current design guideline for steel dowels cannot be applied to GFRP dowels. 
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9.3 Recommendations 
The following are recommendations for further study. 
• Additional laboratory testing is needed to confirm the design guideline proposed 
for GFRP dowels within contraction joints of concrete pavements. Further testing 
should include, as a minimum, tests on pavements of 6, 8, and 14 inches thick. 
Additional testing is also suggested on 12-inch thick concrete pavements 
containing 1.75-inch diameter GFRP dowels at spacings of 8 and 12 inches, 
respectively. Full-scale laboratory pavement specimens for these additional tests 
should contain a 1/8-inch wide transverse joint at midlength. Instrumentation for 
these tests should include strain gages embedded in the pavement for the 
determination of the tensile stresses in the pavement. Consideration should also 
be given to increasing the magnitude of the applied load to match that of the 
wheel loads of trucks on the road today. 
• Additional experimental tests are needed to verify the observed increase in 
relative deflection with increased bar diameter for bar diameters greater than 1.5 
inches. This testing could consist of elemental direct shear tests as described by 
Porter et al. [25] or tests in accordance with AASHTO T-253. 
• The polymer matrix of a fiber composite is hygroscopic, which means that it will 
absorb water. The absorption of water and subsequent swelling of GFRP dowels 
can be detrimental to concrete pavements, therefore, this phenomenon should be 
investigated fully before GFRP dowels are implemented. 
• With respect to design, the selection of the diameter and spacing of GFRP dowels 
to achieve a desired level of load transfer is a serviceability issue. A procedure 
for the design of GFRP dowels to resist the forces that develop in a dowel when 
transferring load is also needed. The author recommends that the load resistance 
factor design method be used for the design of the dowels for strength. For this 
method, a reliability index will need to be determined and load and resistance 
factors selected to achieve this reliability index. 
• Since expansion joints are placed in the roadway wherever the pavement meets a 
fixed structure, analysis, design, and testing of GFRP dowels within expansion 
joints is also needed. 
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APPENDIX A 
RECTILINEAR, SEMI-LOG, AND LOG-LOG PLOTS 
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93 
0.006 
.5 0.005 
<i 
e 
0 0.004 .B 
0 1B Ci: 0.003 1B 1B 0 1B 
0 W CL 0 0.002 > -~ 
Q) 0.001 
A6" ECL 
0 
0 1000 2000 3000 4000 5000 6000 
Number of Cycles N, thousands 
0.01 
.s 
<l 
s::: 
.Q u 
Q) 
IZ1 IZl Cj::. IZl 111 Q) 
0 
Q) 6" W CL -~ 
A 6" ECL 
0.001 
0 1000 2000 3000 4000 5000 6000 
Number of Cycles N, thousands 
0.01 6" W CL 
.s 
<l A 6" ECL 
s::: .g 
u 
0 IZl Cj::. 1Zl lZ11Z1 Q) IZl IZl 0 A IZ1~ IZ1~ IZ1~~ IZ1 Q) 
·S ro 
0.001 
10 100 1000 10000 
Number of Cycles N, thousands 
Figure A.5 Rectilinear, semi-log, and log-log plots of~ vs. N for Slab 1 
0.006 
.5 0.005 
<i 
s::: 0.004 _g 
u 
(I) 
I+: 0.003 
(I) 
0 
(I) 0.002 ;;> ·.g 
Q) 0.001 CZ:: 
0 
0 
O.Ql 
.5 
<i 
s::: 
.Q u 
(I) 
I+: 
(I) 
0 
(I) .::: 
0.001 
0 
O.oI 
.s 
<i 
s::: 
0 ·.;:: 
C) 
(I) 
(I) 
0 
(I) 
;;> ·.;:: 
(,;j 
0.001 
94 
D6" W CL 
6" ECL 
DD D D D 
6. 
AA A A A 
1000 2000 3000 4000 5000 
Number of Cycles N, thousands 
6" W CL 
6" ECL 
6. 6. 
1000 2000 3000 4000 5000 
Number of Cycles N, thousands 
10 
6" W CL 
~6" ECL 
100 1000 
Number of Cycles N, thousands 
D 
6000 
6. 
6000 
10000 
Figure A.6 Rectilinear, semi-log, and log-log plots of~ vs. N for Slab 2 
95 
'$. 
w 50 
....:i r 
>-. u 
C 
Q.) 45 ·u 
!.+:: (4,... 
µ.l 
"O ro 
0 
....:i 40 
"O 
Q.) 
i... 
i... 
C/l 
C 35 ro i... r 0 1000 2000 3000 4000 5000 6000 
Number of Cycles N, thousands 
'$. 100 
~f r 
>-. u 
C 
Q.) ·u 
"O ro 
..3 
"O 
C/l 
C ro 
i... 10 r 
0 1000 2000 3000 4000 5000 6000 
Number of Cycles N, thousands 
'$. 100 w 
....:i r 
>-. u 
C 
Q.) ·u 
!.+:: (4,... 
µ.l 
"O ro 
0 
....:i 
"O 
Q.) 
!:: 
C/l 
C ro 
i... IO r 
IO 100 1000 10000 
Number of Cycles N, thousands 
Figure A.7 Rectilinear, semi-log, and log-log plots of TLE vs. N for Slab 1 
96 
'cf-
0 50 
....:l 
E-
u 
s::: 
<I) 45 ·u 
!-+== q... 
µ,J 
-0 ro 
0 
....:l 40 
-0 
<I) 
t:: 
VJ 
s::: ro 35 I-. 
E-
0 1000 2000 3000 4000 5000 6000 
Number of Cycles N, thousands 
100 
0 1000 2000 3000 4000 5000 6000 
Number of Cycles N, thousands 
o 
100 1000 10000 
Number of Cycles N, thousands 
Figure A.8 Rectilinear, semi-log, and log-log plots of TLE vs. N for Slab 2 
97 
APPENDIXB 
FORCE VS. STRAIN PLOTS FROM LOAD TESTS 
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